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PREFACE 


This book has been written as a text-book for those students^ 
more especially, who, in the Universities of Great Britain and 
in the Colleges of the United States, in increasingly large 
numbers, pursue a course in chemistry as an element of general 
culture rather than as a part of their professional or technical 
training. Its form and content, therefore, have been chosen 
so as to make appeal to the imagination and intellectual interests 
of those who are not destined for a scientific career, but who 
desire to understand something of the intellectual progress of 
recent years and to gain some knowledge of a branch of science 
on which much of our present-day civilisation is based. 

While it is sought to give, in a historical setting, some 
account of the more important discoveries and achievements in 
chemical science, and of the materials and chemical phenomena 
met with in everyday life, the purpose of the book is not so much 
to impart a detailed knowledge of a wide range of facts as to 
create a scientific spirit ; a spirit of toleration and of co-operation, 
of intellectual adventure and of intellectual honesty, which seeks 
ever to enlarge our knowledge of the external world ' and to 
found that knowledge, not on tradition or authority, but on a 
basis of ascertained fact. It is, moreover, the aim and purpose 
of this book to give some understanding of the fundamental 
principles and concepts, and to trace the historical development 
of law and theory, in chemical science. By means of portraits 
and of thumbnail biographical sketches, also, it is sought to, 
make the leaders in the development of chemical science live in 
the mind of the student, not as mere names but as human beings. 

The first rough sketch of this work was made some fifteen 
years ago, in a short course of lectures delivered before an 
audience of theological students and of the general public, and 
published under the title Chemistry in the Service of Man, The 
reception given to that book, and the experience gained by 
lecturing to students of various faculties, encourage me in the 
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THE SPIRIT OF CHEMISTRY 

CHAPTER I 

THE AIM AND METHOD OF SCIENCE 

TiiK aim of science, it has been said, is to describe truth, 
and the method of science is the method of discovering truth. 
But, as ‘‘^jesting Pilate ’’ asked long ago, What is truth ? This 
is a question which is much more easy to ask than to answer, 
and fortunately this is no place for a philosophical discussion 
of the abstract nature of truth. Truth has many aspects. 
There is a truth in religion, in art and in science, and in each of 
these domains there are certain accepted criteria of truth, cer- 
tain tests and methods by which the ti'ue may be distinguished 
from the false. The truth with which science deals is a truth 
with regard to the external world, the world apprehended by the 
senses. It is not an unattainable, absolute truth, but a relative 
or partial truth the nature of which it is not difficult to define, 
however difficult the truth itself may be of attainment. In 
the domain of natural science, truth is the coincidence of our 
conceptions, judgments and propositions with the facts made 
known to us by means of our senses ; and the method of science 
is the method by which this coincidence is attained and tested. 
The aim of natural science, then, we may say, is to acquire as 
complete a knowledge as possible of the material universe ; 
of the objects, materials and phenomena and the relations 
between the phenomena which make themselves known to us 
or which we apprehend by means of our senses. Science is 
objective in its nature and concerns itself only with those facts 
or experiences which can be observed and verified by all properly 
ti*ained persons, and with regard to which universal agreement 
can be obtained. Expeidences which are peculiar to an individual, 
expexdences which are subjective in charactei*, form no part of 
modern natural science. Science, moreover, deals only with 
recurring or with reproducible phenomena, not with phenomena 
which are unique. 


1 



2 


THE SPIRIT OF CllFUlSTllY 


TJirougliOLit all the periods ol* aiaifs hisiory IIhm'c* juusI, 
doubtless have been some who beeamc' in(juisili\’(‘ <^otKHa*ning 
the phenomena of nature^ and tlu' facts o( <leily (*xp<'ri(aK*(»5 and 
who must have felt an intellectual desire to und(‘rstand tluMu ; 
but the methods by which it has been sought t.o attairi know 
ledge, and the tests or criteria of truth by \vluch maids iut(‘l 
lectual cravings have been satisfied, hav(^ difleri^d greenfly. 

The Age of Magic and Mysticism. At an (^arly slag(‘ of 
his development, perhaps, man may ha,v(' h'armal io a[)pnH‘iat<' 
in some measure the beauties of tin' (‘urtli and ( la* gioricss of lh(' 
star-lit sky, but, face to face witli a, univ(a*s(' of gr(^ni com[)h‘Kitv 
and infinite vaidety, the inlell(H*i was baflhal and conl‘us(ah 
Overawed by the majesty and pow(‘r ol' natur(‘, b('wild(‘r(‘d by 
phenomena and experiences which h(' could not umierstaiul, 
man, in his ignorance, fieopled th(‘ whoh^ univ(‘rs(‘ wiih spirils, 
demons or deities, whom lie endowcal with human ha'Hngs and 
passions, and to whose benigmuit or malignant, actions all 
happenings in nature, all good fortune and evil (ha ace for tiu* 
individual, were attributed. To gain the favour of these* spirits 
or to appease their anger, sa,erilic(\s were* made* ; or i tie* e*vil 
spirits, to whose presence or actie>ns mlsfe)rtun(^ or dis(*nse* wc*re 
supposed to be due, were made* Jiarmless e)r e*Ke)rcis(Hl by charm, 
amulet or incantation. 

In Chaldea, the [wicsts, watching and r(*coreling, g(*ne'ra,tIou 
after generation, the movements e)r the* plaiu'l.s anel tin* asp<*cl 
of the star-filled sky, accumulated a large* ame)nnt ol* d(*(lnll(^ 
information and wewe able evexi to pre*elict e(‘lips(‘s of the* moon ; 
but their minds were obsesseel by the iel(*a iluit th(* phe*nome*mi 
of nature are subject to the vagarms of supernatural be‘ings and 
that the stars ax*e the interjireters of the* will aiul deHirt‘S of the 
deities. On the stars depended a nuufs life* and actions, his 
fate and destiny. As 8hakes[)oare* make*s the* ICarl of Kent 
exclaim in Itmg Lear : 

It is ihe^ Ht.arH, 

Tiio staj's above us govern our eouditimm. 

Instead, therefore, of inaugurating a science* of astronomy, the 
priests of Chaldea only built up a supe'rstitious astrology, etud 
occupied themselves lai'gely with divination, sorcewy, charm- 
mongering and the casting of horoscope*s. TlH*reby, no doubt, 
they acquired much power and influence* ovov m(*n more* ignorant 
and superstitious than themselves. 

In Egypt, also, where even 5000 y(*nrs ago the* klgypiiati 
forerunner of iEsculapius, Imhotep, had acquireul a req>utation 
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for his knowledge of drugs and the treatment of disease, belief 
in magic retarded the development of medical science. Although, 
certainly, not a few drugs and remedies of value were known to 
the priest-physicians of Egypt, their administration could be 
effective only when the evil spirit to which the malady was due 
had been driven from the body by incantation and charm. The 
priest-physician, therefore, had to be a powerful magician, 
expert in exorcisms, skilful in manufacturing amulets. Then, 
with his drugs, he must fight the disorders which the presence 
of a strange being produces in the body.’"’ ^ Egyptian medical 
practice was thus a curious mixture of magic and medicament, 
in which incantations and magical hocus-pocus were regarded 
as being of at least equal importance with the drug. 

Age of Philosophic Enquiry and Speculation. — To the 
age of magic ai;id mysticism in which, as we have seen, the 
existence of mystical and occult forces was assumed in order to 
explain phenomena apprehended by the senses, there succeeded 
an age of philosophic enquiry and speculation. In the philo- 
sophic epoch of the development of knowledge regarding the 
material universe, one must recognise the pre-eminence of 
ancient Greece, where, from the sixth century B.C., with minds 
freed from the bondage of mysticism and supernaturalism and 
with a freedom of intellectual outlook hitherto unknown, men 
sought for a rational and natural explanation of natural 
phenomena. It was in Greek philosophy that there first arose 
the idea of cause and effect, of antecedent and consequent, and 
of arriving at general laws by inductive reasoning. It was in 
ancient Greece, also, that deductive philosophy first developed 
and that men first conceived the possibility that truths might be 
deduced as necessary consequences of some general principle 
born as the child of imaginative thought. It was the great 
thinkers of ancient Greece who first formulated most clearly 
many of the problems which face the modern man of science, 
and who made the first important attempts at their solution. 

Although the early Greek philosophers, who concerned them- 
selves mainly with astronomical phenomena and with such large 
and general questions as the nature and constitution of matter, 
based their theories and speculations on observed facts, their 
views were greatly affected by metaphysical beliefs ; and in 
the later philosophy of Ptato (429-347 B.C.), metaphysics 
became predominant. For those philosophers the test of truth 
was self-consistency, and they sought to derive their beliefs 
from great general principles by a clear and inflexible logic. The 

1 G. Maspero, Lectures historiques. 



4 


THF. SPnUT OF C^TIKIVirSTRV 


testimony of the senses, even when not ignoi*ed ns worthless, wOvS 
but lightly esteemed, and it was held by IMalo Ihnl kiiowh'dgc^ 
could be obtained by a simple ])roeess of reasoning iiuh'pcm- 
dently of all information fuimishod by th(' sens(\s.*’'’ Plato, tlicaa^- 
fore, sought to build up a thought-model of iJu^ univ<a\s(^ by i\w 
exercise of a vigorous imagination and a rigorous logic. I'hat, 
the universe so constructed was often out of harmony with tla^ 
facts of experience, need occasion no surprise. 

Even when the validity of sense impn'ssions and f lu' n(Ha\ssity 
of building onc*’s beliefs on a foundation of obs(a*v(‘d fac’t w<‘r<‘ 
recognised and taught by Aris'I'otlk (r^}84 322 t h(‘r(^ was 

no sufficient accumulation of facts on which a sure' foinidntion 
could be built ; and the Greek philosoph(a*s did not |)oss<‘ss 
the patience or temperament necessary for tlu^ slow (‘olh'ciion 
of facts, nor the means recpiisite for ac(‘ural(‘ (^xpiaanumtal 
investigation. Starting from a postulate or piaauiss based, it 
might be, on tux observation (possibly inaccurab^) of fa(*t, or 
on an analogy (often false), conclusions woro by logical 

deduction; but the power of metaphysical vi(nvs or [)r(' con* 
ceived ideas was strong, atid even Aristotle, who insist ('d on tla^ 
necessity of careful observation and taught that “ mor<‘ d<‘p{md' 
ence must be placed on facts than on laaisonings, which must 
agree with fact,'’*’ failed to apply th(^ principhns wliich he himsc^lf 
laid down — principles which form tlx^ basis of thc^ naxlcam 
inductive and experimental method of sci(m(‘<‘ and did not b‘st 
his conclusions on the toxiclistone of fact. As Prancls Bucofi 
wrote of him : ^ He had made up his mind Ixdbndmnd. Ih^ did 
not consult experience in order to mak(^ right proposiiiorrs and 
axioms, but when he had settled his system to his will, lu' 
twisted experience round, and made her bend to his systenn."’’’ 

In so far as philosophic views were foundc'd, as many of tlu* 
Greek views regarding the constitutiori of matt(‘r wvro foumbnl, 
on observations of facts, even when tfu' obsc^rvaf ions were faulty, 
we need not be surprised that the vigorous imuginatioti and k(*cm 
intellect of the Greeks should formulab^ vienvs or theoric‘S which 
find their counterpart in modern scientiHc doctrimx Tla^ Gret'k 
philosophers sought, as the modcTn scientist s(H^ks, to arriv(‘ 
at great generalisations of which individual facts ar<' hut parts, 
and they were the first to lay down some of th(' principhvs of 
modern scientific method. In the circumstances of their tinu'S, 
however, they could not succeed in making any very markcal 
advance in their knowledge of the material universes, and tlicir 
theories could not but remain to a large extent unfruitful simply 
because their knowledge of facts was too slight and there was 
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no possibility of testing the validity of their theories by experi- 
ment. Too impatient, perhaps, in their desire to obtain some 
explanation of the phenomena of nature which would give them 
intellectual satisfaction, they placed too great an emphasis on 
imagination and logical reasoning and too little emphasis on 
experiment and a patient and thoughtful observation of nature. 
While they understood that Socrates might not greatly advance 
the science of astronomy merely by scanning the paths and 
oidht of the moon, with head thrown back and mouth agape,*’’ l 
they did not, perhaps, sufficiently appreciate the fact that with- 
out prolonged and careful star-gazing, accompanied by imagina- 
tion and logical reasoning, the laws of planetary motion could 
never be ascertained. 

The Dark and Middle Ages. — During the Dark Ages which 
followed on the decay of Greek philosophy and culture in Europe 
in the sixth century, superstition and a belief in magic and 
occult forces once more came to life ; and even when, with the 
re-opening of the monastic schools of philosophy by Charle- 
magne in the eighth century, interest in secular learning began 
to revive, the power of the Church was predominant. Men’s 
beliefs had now to be brought into harmony with the dogmas of 
the great ecclesiastical organisation centred in Rome. Scientific 
study, the study of the material universe, was now bound by the 
fetters of a particular theology and of a tradition based oh the 
philosophy of Aristotle. Men w^ere not free to study the facts 
of nature and to reason from them ; in any case, they were 
not free to proclaim the results of their reasoning. And yet, 
throughout these Middle Ages, when authority was so powerful 
and when its dictates were imposed with so great severity, there 
were men who were struggling for intellectual freedom and who 
were preparing the way for the great spiritual and intellectual 
re-birth at the Renaissance. The period of the Renaissance, 
moreover, brought not only a revival of learning but a revitalising 
of all men’s interests and activities, and men set forth in a spirit 
of high adventure to gain new wealth and to discover new lands 
and paths across the oceans. No wonder, then, that in the 
sixteenth and , seventeenth centuries great interest and activity 
in scientific investigation grew up, for the scientific spirit is also 
a spirit of adventure — of intellectnal adventure — a quesh of 
truth which brings a joy and thrill and yields a treasure no less 
great and satisfying than that of Cabot, which discovered to men 
the vast continent of the West, or the quest on which Drake 
sailed in the Golden Hind, 

^ Aristophanes, The Clonds. 
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Modern Scientific Method.- — Th(', rouiuliug of l\w uioderR 

scientific method of acquiring u knowledge oi Hh' material uiu 
verse, a method which is based on observation and imiuetiorg 
has often been attributed to Francms Bacon ^ (le^CH IbSC)), tlie 
great thinker, courtier and statesman who in K)18 be<‘am(' Lord 
Chancellor of England and claimed all knowhalgc' to be his 
province. Bacon, however, was at most tlu' aposth^ and mis 
sionary of the scientific method who, in his iVoxuim Orgamim^ 
sought to codify the rules of scientific investigation so that all 
might with equal success add to knowledge'. Bacon did not 
liimself engage in scientilic investigations, but only ‘‘‘‘ rung a 
bell to call other wits together.'’*’ Th<^ ongins of the scientific 
method are to be found in the ])lulosoj)hy of Arlstoi.lt', and oiu' 
of the earliest to pub the method in practice' was AiuauMKUKs 
of Syracuse (287-212 B.C.), by whom the (butida tions ofme'chatucs 
and hydrostatics were laid. The method has d('V(‘lo{)(‘d gradually 
and has reached its present state of perfection through the 
practice of generation after genoiTitiou of mc'n from tlu' days of 
Roger Bacon, Leonardo da Vinci and (hililco onwards. Jfoge'r 
Bacon, indeed, who chose as Ixis motto, Sine (wperlentia nihil 
sufficmiter sciri potest (‘'‘‘There is no coi'taln way of arriving ab 
any competent knowledge except by cxperinu'nt was on<‘ of 
the earliest to recognise the importance of th(' ('Xf)C'rim('ntal 
and inductive method. In the thirteenth century Ju' wroi(' : 

There arc two methods by whicli we acquin'. knowledge', argu- 
ment and experiment. Argumetit allows us to draw conclusions, 
and may cause us to admit the conclusions ; but it gives no f)roof, 
nor does it remove doubt, aixd caxisc th('. mltul to rest in coiiHcious 
possession of truth, unless the truth is discovc'red by way of 
experience.*’’’ Knowledge of the material universe, then, is to be 
gained not by argument but by experimemb, by inc|uisition not 
by disquisition ; and this insistence on the importance of facts 
apprehended by the senses, as the test and criterion of truth 
regarding the material universe, came as a challenge both to 
traditional authority and to theological dognm. 

'Die Collecting of Facts , — The first step in th(^ building up 
of knowledge or in tlm study of a problem by the? Auethod of 
science, is the collecting of facts. These facts are the data 
supplied by observation of phenomena, either as they occur 
naturally or as they are produced under conditions controlled 
artificially by ourselves — that is, by experiATient. In chemistry, 
experiment is predominant, for the conditions under which 

^ Raised to the peerage of England as Baron Vomlam and created, at a later 
dare, viscount St. Albans. 
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chemical processes, or changes of matter, occur in nature are, for 
the most part, too complex and obscure to allow of their' being 
unravelled or understood by observation. That iron rusts on 
exposure to air is a fact of common observation, but it is only 
by allowing the process to take place under controlled conditions, 
e.g. in presence or absence of moisture, presence or absence of 
carbonic acid, etc., that it becomes possible to understand the 
process. 

The data of experience, whether they be obtained by obser- 
vation of natural phenomena or by experiment, must be ascer- 
tained as completely, clearly and precisely as possible. Vague- 
ness and indefiniteness cannot be tolerated, for it is on observed 
facts that the whole structure of scientific knowledge rests ; 
and if the foundations are weak, the building will be untrust- 
worthy and insecure. 

It may seem that this first step in scientific knowledge, the 
accurate ascertainment of facts, is a simple matter ; but this is 
very far from being the case. Knowledge and experience are 
required in devising the experiments, and manipulative skill 
and expertness are necessary for carrying them out. Our senses, 
also, may deceive us, and it is all too easy to miss what may be 
inconspicuous but important. Temperament and beliefs, more- 
over, play their part, and one may be led astray by mental bias 
or preconceived ideas. One is so apt to see what one expects 
or hopes to see, that truth may be distorted by imagination. 
The accurate ascertainment of facts, then, requires great honesty 
of mind as well as prolonged training of hand and eye ; and the 
difficulty of experimental investigation and the liability of all 
human beings to err, make verification and re-verification of 
experimental data a necessity. 

Accuracy in observation and in the ascertainment of facts 
has been greatly increased by the invention and perfection of 
instiTiments. The introduction of a new, or even the perfection 
of an old instrument may mark a new stage in the advance of 
knowledge ; and the progress of natural science in modern 
times is due in great measure to the extension and sensitisation 
of the human senses by means of instruments. As Humphry 
Davy said : “ Nothing tends so much to the advancement of 
knowledge as the application of a new instrument. The native 
intellectual powers of men in different times are not so much the 
causes of the different success of their labours, as the peculiar 
nature of the means and artificial resources in their possession. 

While the importance of accurate, quantitative measurement 
in the ascertainment of facts must be recognised, it must also 
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be borne in mind that nil onr observations, all our nusasurenuMits, 
ai*e subject to error, Tliey can be carried out only with a c<Tb‘un 
degree of acciu'acy. We may im[)n>v<' our balanc(\s so ihal a. 
speck of (lust snflices to turn *th(^ scaled w(^ may aid tlu‘ cyo with 
microscope or spectrosco]:)e5 we may iiu*r(‘as(' or strirngtlum our 
range of vision so tha,t wo may (by iulereiua^) count tlu^ moh^- 
cules of a gas and dc^termine the inner structure of a. cryslal, 
but in every case there is a cawtahi limit to the accniracy ol' lla^ 
measurements. We can know nature only xip to a. point.. 

The Scientific Law , — ^While information ohiaimal through 
the medium of the senses is the foundation, il, is only tht^ foimda" 
tion of scientific knowhxlge. The collecting of facts is only th(^ 
first step in the advance of sciemee, for seienua^ is not a, nuaa^ 
collection of facts, bub the satisfaction of an Inh'lhu’tual d(\sirt‘ ; 
not a mere gathering of stones along tla^ pathway of life, but tlui 
building of these stones into ati (atilhaa Man stacks not only 
to observe the facts of nature, hut to understand tluan, and otu‘ 
understands them when onci knows how sc^parnla^ facts are 
related, and when one has learanal to s(ai the facts not as s(‘parat(‘ 
entities but as parts of a larger wliolo. Aft(‘r <a)ll(H*ting tlu' 
facts, it is necessary to colla,t(' or company tb(' facts, lo <*lassily 
and arrange th,cm, to separate like from nnlik(', and lo nsc(nialn 
the relations between tlie diffc'n'nt facts Ix'longing lo ili(^ snnu' 
class. The relations so ibund an^ them IbrmulaicMl in a gcuu'ral 
statement, known as a scienti/lc la,w or law of nalnn'd** 

The inductive g('n(a'alisa.ti<)u of facts -that is, tlu' arguing 
from particular cases to a, geruTal rclatiorr is th(‘ second stage' 
in the building of the scientific edilicc'. Underlying and justify 
ing the whole process of generalisation by induction is the' assump 
tion of the uniformity of nature-- the assumption, that is, that 
nature docs not behave in a Jiaplia^ard or capricious way, but 
that when certain conditions are given, cc'rtain rc'sults invariably 
follow. While the xmiformity or trxistworthiness of nature' is, 
no doubt, an assumption, it is an assumption wliich is hasc'd on 
and is co-extensive xvith expedience. Formerly, the' simplicity 
of nature was also assxinuKl ; but although a law should bt' 
stated in as simple a form as possible and should be regarde'd 
as simple until the contrary is proved by e'xperiment, the' assump- 
tion of the simplicity of nature cannot he njxhelch As the 
accuracy of measurement increases, the simfiUdty of nature' 
generally disappears. The corrcict formulation of a law In e'xact 

^ Balances arc now in use — so-calI(‘(l mniro-balanecH^ by which a (lbT(‘rentJC 
in weight of one two-hxmdreHl-and-iifty-thoiiHandth i)art of a nnlligrarn can be^ 
detected . 
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luatliematica] terms may become very difScmrt, .but, as the 
French physicist, Fresnel, wrote : La nature ne se^soucic. pas 
des diiScultes analytiques.'’*’ 

It will be clear from what has just been said, that in science 
the term law has a somewhat special meaning. One speaks 
of a gas, for example, obeying Boyle’s law, just as one may 
speak of a person obeying a civil law ; but, in science, the term 
is used only metaphorically. A scientific law does not ordain a 
certain behaviour ; it merely summarises in a general formula a 
behaviour or relationship which has been observed in a certain 
number of cases. A scientific law is descriptive, not prescriptive. 

A scientific law not only generalises the facts, it also corrects 
them by smoothing out the irregularities due to experimental 
error ; and it also gives a limited power of prediction. Thus, 
if the volume of a given mass of air under a given pressure is 
known, the relevant law (Boyle’s law) enables one to predict 
what will be the volume under any other pressure. It is, however, 
important to bear in mind that while the prediction may be valid 
within the range of conditions covered by the experiments, pre- 
diction becomes more and more uncertain when it is extended to 
conditions more and more widely removed from those of the 
experiments on which the law is based. 

Hypothesis and Theory , — It is a widespread belief that the 
aim of science is to^^^" explain ” phenomena by ascertaining the 
cause of effects, and that it is the knowledge of causes that gives 
intellectual satisfaction. As Vergil wrote long ago, 

Felix qui potuit rerum cognoscere causas, 

or, in Dryden’s translation. 

Happy the man who, studying nature’s laws, 

Through known effects can trace the secret cause. 

This view, doubtless, is correct if one understands aright the 
meaning of the term cause.” On consideration, we realise that 
cause and effect mean merely a definite sequence of phenomena 
under known conditions ; they are only links in a chain of pro- 
cesses or phenomena, the cause of one effect being itself the 
effect of some more remote cause. Cause and effect, in other 
words, are phenomena which occur in invariable association, and 
science describes, by means of its laws, the relations between 
these associated phenomena. It is clear, therefore, that science 
is conceimed only with proximate causes, not with ultimate 
causes ; science describes how effects happen and only in a very 
restricted sense why they happen. One explains a fact or 
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phenomenon by showing that it is a- particailar ease" ol a. g(MU‘ra,l 
law. 

Althougl), doubtlessj the structure of scieutilie knowUalge 
has been built up to some extent by the itielhod of ('xperinunit 
and the use of inductive i*easonmg based on <‘Kp(*rimeut^ the 
method and aim of sciexice do not consist merely in tin* ordca-ing 
of nature in desciuptive laws. The mind is not satisfic'd iiu'rc'ly 
by a knowledge of the relations between (aci,s ; onc' must pro- 
ceed farther and obtain a relation Ix'twec'u Ia.ws obtain, as 
one may say, an explanation of tlu' la,ws and in <>rd(‘r to do 
this it is necessary to add to our knowh'dge oT facts and laws an 
idea, a conception, an h/yjjothesu. 

In the development of a, science, tla'n, Imving acciuinal a. 
basis of knowledge by observation or ('X[)('riment, and having 
formulated general laws, one seeks to co ordinal^' or c'xplnin tlie 
laws. A guess is made regarding tlie more' fundann'iital tiaiurc' 
of things ; not a blind, ha.phazard giu'ss, but tlu* [)r<)duct of 
imagination controlled by knowledge and r(dl(*(‘tion. 'riiis giu'ss 
is called an_ hypothesis. The hypotluvsis is not merc'ly a more 
general and more widely embracing law, based on <‘xperiment 
or sense impressions, but a new concc'ption wiucli is not <*on- 
tained in the facts or data of ex[)ei'ienc(' and which passc's, 
indeed, beyond the bounds of possil)le scmsc* ()(a*c('ptIon. ddu* 
hypothesis must be in Jiarmony witli all tlu* facts as known, luid 
it must be such that the generaJ hiws ol)l,ain(*d iuductivc'ly from 
experiment follow as necessary (‘onscupumcc's from tlu* hyf)ot lu'sis. 
Dalton, for example, sought to explain the laws of chemical 
combination by introducing the hypothesis tliat matter is nuuh' 
up of indivisible particles or atoms, tliat the atoms of a particular 
element are all alike in their properties but differ from the atoms 
of other elements. From this hypothesis the laws of chemical 
combination follow as necessary cons('((iienees. Similarly, tlu* 
various laws of gases arc explained by the hypotlu'sis that a gas 
consists of a large number of small particl(*s, the molecules, arul 
that these molecules are in perpetual and rapid motion, darting 
about in straight linos and colliding with other molecule's and 
with the walls of the containing vessel. 

Flaving made a guess or invented an hypothesis, one may 
then proceed according to the logical rules of argument or by 
the application of known laws, to deduce tlu* bcdiaviour which 
should be observed in particular cases. This is the deductive 
method of formulating general scientific laws. It is, howc'ver, 
of great importance to bear in mind that these d(*ductiv(5 laWs 
must, before they can be accepted into the body of science, bo 



THE ATM AND METHOD OF SCIENCE 


11 


tested by experiment to find if they are in accordance with fact. 
In the words of the poet, Alfred Noyes^ 

naught avails 

In Science, till the light you seize from heaven 
Shines through the clear sharp fact beneath your feet. 

This is the test of both — ^that. in their wedding. 

The light that was a disembodied dream 

Burns through the fact, and makes a ianthorn of it. 

Transfigures it, confirms it, gives it new 
" And deeper meanings ; and itself, in turn, 

Es thereby seen more truly* 

When an hypothesis has been found not only to correlate, in 
a simple and satisfactory manner, known general laws, but when 
also the deductions are found to be in harmony with fact, the 
hypothesis takes rank as a theory. 

It will be clear that by means of hypotheses and deductions 
from them, the growth of knowledge is made much more rapid 
than it would be if it were dependent only on inductive generali- 
sation from experiment ; for an hypothesis or theory into which 
it develops, not only makes it possible to co-ordinate the various 
known laws — to explain these laws, as we say — but it makes it 
possible to predict new and undreamt-of laws. A theory not 
only explains, it predicts ; it not only gives satisfaction to the 
mind by pi-oducing coherence and order among diverse phenomena 
and the data of experience, but it opens up vistas of new know- 
ledge, suggests new tests of its own validity and spurs one on 
to fresh adventure. A theory not only illuminates the field of 
knowledge already explored, but is a torch and beacon lighting 
up and directing our steps along new paths of scientific discovery. 

The progress of scientific discovery and the building up of 
the edifice of science is thus a process of simplification — simplifi- 
cation by establishing general laws from particular observations, 
and by the setting up of a theory which co-ordinates and explains 
these general laws, and much more besides. One must, how- 
ever, remember that an hypothesis or theory is founded on a 
basis of facts known at a particular time and that it maintains 
its validity only so long as it is in harmony with fact. While 
we may believe that the positive reality of a theory is indicated 
by its capacity to fit the facts and to constitute, as it were, a 
model of them, yet we must also bear in mind that a theory rests 
on an assumption. Although, therefore, our confidence in the 
truth of a theory increases with increase in the number of laws 
which it co-ordinates, we must not allow a theory to become a 
dogma nor the mind to become a bond-slave to it. As know- 
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ledge increases, a time may come, will almost, (a'rtainly eoiiu', 
when the new facts no longer lit in with tlu' tln'ory. In sonu' 
cjises, a modification of the original liypofhesis may s(>rv(' f.o 
bring the theoi-y into liarmony with tlie new knowleclge, hiit, if 
not, the hypothesis and theory must be diseardc'd and a lU'w oix' 
invented. The history of science can show many example's of 
discarded theories, theories which W('r(' s<'rvie(*ahh' at. one liiiu' 
but which failed to stand the f('st of tlu' growth of knowledge. 
Although a theory may become outworn a,nd hav<* to b(‘ <lis 
carded, the invention of a tJncory is the most, p<)W('rful factor in 
promoting scientific discovery ; and ev('n when a tla-orv has 
ceased to be useful, the facts which ha,v<' bee'ii obtaine<l by its 
means remain as positive contributions to know!(‘<lg('. Kv('n 
on the ruins of a theory one tiiay attain to fulh'r knowle<lg(>, 
wider outlook and greater i)ower ol‘ [)r('diction. 

To sum up. In the building uj) of our knowh'dge and 
understanding of the universe, we procc'ed fi-om caix'fully ohsc'rvc'd 
fact to general law. Imagination then giv(>s us hypoth('S(>s and 
theories which thrill and satisfy the mind by giving to ns a wider 
outlook and fuller understanding of natural plu'nonu'na. 'I’hey 
explain nature to us by correlating tlu' gc'ueral laws ami by 
enabling us to lit those laws together, as it wc're, as part of ii 
general plan, and thereby to construet jmrtions of tlu' edirie(' 
of scientific knowledge. 

In approaching the study of any branch of sei<'ne(', and not 
least of chemistry, one must not ifiiidc of it as a (h'linile body 
of facts and laws, as knowledge complehi and (InLslu'd, as the 
last word to bo said. On the contrary, as knowledge advances 
the horizon recedes, and the great theories of seic'nce by whieli 
we seek to interpret nature and whicb stand out as among lii(> 
greatest creative achievements of th<‘ hunuin mind, ar<' aft<‘r 
all tentative and provisional. Science mu.st rathc'r be* thought 
of as something vital and growing, and as a great adv('ntnr<; in 
discovery in which all can take, if not an activ(> part, at It'ust 
a lively and intelligent interest. 

The Cla,ssifica.tion of the Sciences .--■'The great range of 
scientific study which is co-extonsive, as we hav<‘ sc'C'U, with 
the external universe, and the vast growth of knowI(>dg(‘ whicfi 
has taken place in the past two hundred years, Jiinkc; it impossihh' 
for any one to claim, as Bacon did in the sev('nt('enth century, 
to take all knowledge to be his province. One may, in<l<'('<l, 
acquire an acquaintance with a wide range of facts' and may 
take an intelligent interest in many varied aspects of nature, 
but one cannot become master of more than a small part of 



THE AIM ANE METHOD OF SCIENCE 


13 


scientific knowledge. To acquire an effective familiarity with 
and the power of advancing a knowledge of science, it is neces- 
sary to limit the range of oner’s study and effort. A classification 
or grouping together of the facts and laws relating to different 
aspects of the external world becomes, therefore, a matter not 
only of practical convenience but of intellectual necessity. 
JEach group of facts and laws thus formed, together with the 
relevant hypotheses and theories, constitutes a science or 
branch of science, and so we speak of the science of chemistry, 
the science of physics, the sciences of zoology, of botany, and so 
on. 

The subdivision of science, it must be remembered, is not 
inherent in nature, and our classifications, therefore, are not 
sharply defined. With the division and subdivision of natural 
science and the specialisation of study which the enormous 
growth of knowledge has brought about, it is important not to 
lose sight of the unity of nature and to recognise that although 
each branch of science has a certain individual and distinctive 
character, it does not stand isolated from and independent of 
other branches. Knowledge is constantly bursting the barriers 
of our classifications, and the truth found in one science may 
irradiate the problems of another. 

As a matter of convenience and to facilitate the advance of 
knowledge, it is customary to classify the main branches of 
natural science into the two large groups : 

I. The Physical Sciences, e g. physics, chemistry, geology. 

II. The Biological Sciences, e.g. zoology, botany, physiology. 

In the latter group of sciences, one studies the behaviour of 
matter in its association with life and the phenomena which are 
observed in the living animal or vegetable organism ; whereas, 
in the former group, one studies the properties of inanimate 
matter or the properties of matter apart from life. 



CUAPTF.R 11 

TIIK TWUJCxirJ' AGK OF OIIFaMISlM^V 

Although cheniiatry uh a sc'ioucc^ is of coiuf>{\nd i vt‘ly 
origin and extends no farther haciv than th<' tiuu^ of Koheri 
Boyle in the middle of tfie seveofeenth etaitury-, a <a>nscioosiu‘ss 
of the variety of materials oecurrijig on I h(‘ eaiih is doubtless 
coeval with inan\s existence. 

Prehistorical Development. During th(‘ lor)g and uneertnin 
twilight of more than half a million years wlneii preetahal the 
emergence of man as a fully en^ct, reasoning and fortd.hitiking 
aiiimal, man*’s forerunners were preoceu [>i(ai mainly with the 

obiainiiig of food and 
vvitliS('lf dtdenetMigaiiisi 
tb(' mam mold), the 
woolly rhinoet'ros, the 
sabr<^ tooth tigcny tlu' 
h(vir and otlnn* animals 
which roamed the world 
with thcam No doubt, 
a-s Lticrcdius wrotc^ : 

Arms of old were 
handSi, mills and tendh^ 
ajul stomps and boughs 
broken off from the 
forests, and flames and 
tire, as soon as they had become kriown ; but thc^ early sub 
men soon learned that they eould make their stone elnbs mor<" 
effective by breaking them off* to a sharp edge, and that tlu^y could 
improve their woodexi staves by grimling or burning their cauls 
or by tipping them with a sharp piece of flint or of bone. It is 
impossible to say when these primeval men learmul that flint 
could be chipped into flakes or fashioned into sharp cutting axes 
and knives or pointed spearheads, but it must have been at a 
very early time ; and chipped flints are among the cuirliest records 
known of man or a man4ike animal. For itiany tliousands of 
years, right down into historical times, maids most important 
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implements and weapons were made of flint, of obsidianite (a 
volcanic glass), or other stone, fashioned and polished, as time 
went on, with ever greater expertness and refinement. 

With the coming of true man (essentially as he exists at the 
present time), perhaps some thirty or forty thousand years ago, 
a higher civilisation, greater culture and social organisation 
began to develop, and a wider range of materials came into use. 
Man now found shelter, not in forests or under rocks, but in 
caves, the walls of which he adorned with drawings of animals, 
still to be seen in the caves in 
France and Spain. As pigments 
he used iron ores or ferruginous 
clay (which gave red, chocolate, 
orange and yellow colours), 
charcoal and pyrolusite (black), 
and kaolin (white), mixed with 
fat ; and to illumine his dark 
abode, the early cave-man used 
lamps of which the container 
was probably a hollow bone, or 
shell, or shallow dish of soap- 
stone. The fuel was bone mar- 
row or animal fat, and the wick, 
moss. Although during man’s 
earliest years only a compara- 
tively small number of materials 
would be known and made use 
of, yet throughout the long, suc- 
ceeding ages, knowledge would 
gradually grow and man would 
learn, at first by accident and 
later by conscious effort, how 
the naturally occurring materials 
could be altered and new materials produced from them. 
Doubtless the growth of knowledge was slow, but the time 
was very long, and one need not therefore be surprised that 
even the earliest historical records left by man, bear testimony 
to the existence of an extensive knowledge of diverse materials, 
and to an already highly developed civilisation. 

Ancient Chemical Knowledge. — Whether the early culture 
from which the Western civilisation of the present day has 
developed, was born among the Sumerian tribes of the Tigris 
and Euphrates valleys, or among the dwellers in the valley of 
the Nile, is perhaps open to doubt ; but it was cradled in the 



Flint knife with gold-leaf reponsa6 
handle. 

(From .T de Morgan’s Pre-MMoHc Man.) 
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basin of the Mediterranean, and it is in K^ypt \ht\\ the early 
records of our civilisation ha.ve boon most, chaudy and most 
abundantly preserved. The pra,ctic(' of ila' arts of clKmiistry, 
i.e. the tiris of transforming materials, spiv'ad to all tin' nations 
of antiquity — the f'gyptians, (djald(\ans, Hitnlus amt Chim'st' ^ 
iis they slowly advanced towards a. mon' highly d('V(‘lop('d civili 
sation, but by none were the operations of cluMnistry carrie<l 
out more extensively tlian by the h^gvptians. It is, ind('<'d. to 
the pre-eminence of ancient Egypt in t}\o practice of clunnicnl 
operations that we owe, most probably, tiu' Im-m clnmnst ry,'"'' 
a word which is derived, as it is thoughi, fi'om (In'ini (nnaining 
black), the ancient name given to Eigypl. on account of ilu' dark 
colour of its soild 

The materials known to and us(mI l)y tin' am'itmbs w('re 
numerous, and nniny diverse operations of a, cln'mical clinracier 
were carried out. Many naturally occurriug min<*rals, such as 
agate, amethyst, beryl, carneliati, lapis lazuli and turcjuoisc', 
were used as ornamental stones or as amuhds and charms. 
Other minerals, of which one may nu'ution lla^ oxi<l('s of iron, 
copper and manganese, various ferruginous clays, cinnabar 
(sulphide of mercury), malaclutc (copper enrbona(<') and ehryso- 
colla (copper silicate), were used ns [)igments. (iralcmn (sul[)hide 
of lead), and to a less extent stil)ium (sulphid(' of antimony), 
were used in Egypt from very early tinu's, for dnrk('nlng f lu' oyo 
brows and eyelashes ; and grouml malachite', similarly, found 
application even among tlai pre^dynastie l^gyplinns of tlu' 
fourth millennium B.C., as a cosmetic. With this material the 
Egyptians painted the eyes in order, it is supposcnl, to protc'ct 
them from the glare of the sun and tlu' attack of ni(\s. 

Among the most inqmrtant of th<*, a.nei<mt arts ami crafts, 
the beginnings of which arc lost inth(' mists of pn* liistory, are 
those of extracting and working metals* (rold, which o<a‘urs 
native, may possibly have been tlie iirst medal to Ix' discovered, 
but even copper and lead, which must he ('xtraeteal from ilu'ir 
ores, were known in Egypt in pre-dynastic times ; and during 
the three or four thousand years which preceded the hegirmirig 
of the Christian era, men also became accpiainted with silver, 
iron, tin and mercury, and with the alloys (deetrum (ahoy of 

1 It is stated by authoritios that tho word (cluania) or (cduutieia) 

probably first occurs in a docroo, issued by the Exrperor l)ioci('tlairttwardH the 
end of the third century, ordering tho destruction of all hooks dealing with ehvmifu 
or the preparation of silver and gold. Later J^yzantine writc'rs used the word 
XVfxeCa (chymeia), which is regarded as falsely derived from (chyrnos) Ii{(uid. 

In this we may sec the origin of the old English form, " Derivod from 

Chemi, Chemistry would mean tho Egyptian Art or, as it was later eilltHk thc‘ 
Black Art. 
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gold and silver), bronze and brass. Even as early as the fourth 
century B.C. craftsmen of Damascus were damascening steel 
as well as weaving fine linen. 

The discovery of alcoholic liquors and a knowledge of the 
process of fermentation date back to some unknown period prior 
to 2000 B.C. At first men brewed mead from wild honey and 
a beer from red barley, similar, doubtless, to the kaffir beer 
made for ages and even at the present day by the natives of 
South Africa from millet ; but later, as is recorded of Noah, 
men planted a vineyard and drank of the wine.^’ Even as 
early as 1600 B.C., much wine was produced in Syria and in 
Hebron ; and Helbon (Chalybon), whence the kings of Persia 
obtained their supplies, early became noted for the excellence 
of its vintage. 

At a very early period the Egyptians became acquainted with 
the manufacture of leather, which they used as coverings for stools 
and chairs as well as for beds and cushions. The Egyptians, 
also, discovered how to manufacture faience, glass and enamel, 
and were expert in the art of dyeing and the use of mordants. 

To those accustomed to the great variety of shade and colour 
which is a feature of present-day Western civilisation, and which 
is made possible by the production of innumerable dyes derived 
from the constituents of coal tar, even Joseph'^s coat of many 
colours would appear a crude and commonplace affair. For 
although the dyers of the ancient world were able, by mixing the 
dyes, to produce variation in shade, yet the number of dyes at 
their disposal was comparatively small. At first, dyes derived 
from plants were used, and of these the earliest known was 
probably indigo, obtained from various species of Indigoferof^ 
and produced mainly in India. This dye, renowned for its 
fastness, has been detected on mummy-cloths dating back to 
5000 years ago. Alizarin, a red dye obtained from the root of 
the madder, and a yellow dye extracted from the Safflower 
(Carthamus tinctorius)^ were also in use at a very early period. 

At a later time, more -especially in Syria, dyes of animal 
origin were discovered and introduced. Of these the best 
known were the scarlet dye kermes,^ obtained from the bodies 
of the insect kermes — an insect akin to the Mexican cochineal 
— and Tyrian Purple or the Purple of the Ancients, the most 
costly dye of the ancient world, the dye of dyes,^’ 

Whereof one drop worked miracles, 

And coloured like Astarte’s eyes 
Raw silk the merchant sells. 


^ From which are derived the words carmine and crimson. 
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This dye, which is formed when a secrelion of ct'riain siielliisli, 
more especially JSIureoo brandaris a,nd Purpura haruastroma^ is 
exposed to sunlight, was Hrst manufaciuinal at 'Vyrt^ and lat(‘r 
at many other places on the shores of the IVhahlerraoean, It 
was rediscovered in Ireland in t,he sevoiiteeuih century. 

Fragrant resins, spices and balsams (frankiiicensi' and myrrh, 
cinnamon, cassia and others), for use as iric(ms<\ tlu' [)r<‘i)aratiou 
of cosmetics and the imimmification of th(' d(*ad, wen* much 
employed and formed an important part of the (^arly <‘omm(a‘ce 
of the Eastern peoples. 

Surrounded as they wore by many j[)lants iti whicli w<a'e formed 
compounds possessing a marked pliysiological aciion, it is not 
to be wondered at that hhe fieoph^s of Egypt, India and Ehina 
early became acquainted, perhaps tlirough painful experience, 
with the baneful action or with the medicinal or curative value 
of certain plants. This knowledge grew with tli(‘ y(‘ars, and in 
the temple-laboratories of Egypt, the f>n('st physicians extrnct(‘(l 
the vegetable oils and alkaloids, and comf)Ounded tlieir drugs 
and love potions. Thus wo learn that castor oil was a houseliold 
remedy among the Egyptians (wen four thousand years ago, 
and henbane (Hyoscyamus) wa,s used to r('li('V(‘ pain in cases of 
dental caries. Miindragora (imindrake) root, mor(a)V(‘r, was 
used not only as an aphrodisiac to bind tfie aifections of a. way- 
ward lover, but also to produc(‘ narcosis in surgical op(a*ations. 
The narcotic properties, indeed, of many [)lant products W(a*e 
known at an early date, and It was doubtless with a pn'paration 
of Egyptian opium, or it may be licmp, that Ib^hm, ns Ls nwounted 
in the Homeric poem, sought to l)ring forged. fulm^SH of tlunr 
sorrows and sufferings to Tolemachus and M(m(‘laus ; 

And Helen of birth divine took thought in the selfsanio hour, 

And she mingled along with the wine a drug of marvc^llous ])ow(*r : 

Borrow and wTath by the draught and cares sliall be sw(‘pt from soul, 

If a man of the cup shall have quaffed when this hath been (uwt in the howl 
No tear for the rest of the day shall adown on his cheeks he hIuhI, 

No, not if before him lay his father and mother clcad, 

Not even if full in his view his brother or darling hotx 

With the pitiless sword they slew, and he looked with his eyc^s Iht^rt'on, 

Such drugs of might, T ween, unto Helen the fair were known, 

Given unto her by a queen, Polydamna the wife of Thdn, 

Of the land of Egypt, where from tlie corn-giving earth drugs spring ; 

Great store of th? good doth it bear, and maiiy an evil thing. 

Although the P'gyptians acquired, in the various craft guilds 
which developed in association with their religious tem{)los, 
great skill and expertness in divers arts and crafts (glass, pottery, 

1 Odyssey^ Book XV. Translation by A. 8. Way, 
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enamel and metal work^ tanning and dyeing, etc.), and accumu- 
lated a considerable store of knowledge relating to drugs, 
vegetable oils and balsams, they possessed, apparently, but 
little curiosity regarding the nature of the numerous processes 
of a chemical character which they carried out. The Egyptians 
were pre-eminently a practical people and felt no urge to pursue 
truth for truth^s sake ; rather were they eager to increase the 
comfort and improve the amenities of everyday life. There is 
no evidence of the existence in ancient Egypt of the spirit of 
philosophic enquiry such as arose in India, in Chaldea and in 
Greece. On the contrary, the chemists (if so one may call 
them) of Egypt were artificers, not philosophers ; craftsmen, 
not men of science, 

Greek Philosophy. — While the Egyptians were practical 
in their outlook and empiricist in their development of know- 
ledge, the temperament of the ancient Greeks was idealistic and 
philpsophic. It was not, however, in unravelling the nature of 
the minor processes of chemical change that the Greek thinkers 
were interested ; they preferred to allow their imagination to 
play around the great problems of the origin of the universe 
and the ultimate constitution of matter. Men of other races, 
certainly, had speculated on these great problems, but it was 
in Greece that the streams of thought flowing from other countries, 
more especially from India and Chaldea, mingled and became 
clarified ; and it was by the philosophers of Greece that new 
paths of advance were opened up for others more fitted to travel 
along them. ' 

Into the ancient speculations regarding the constitution of 
matter, the philosophers belonging to the Ionian School intro- 
duced the great simplifying conception of a single prima materia 
or universal principle underlying all forms of matter, a simplifi- 
cation towards which modern science has been laboriously 
striving for the past hundred years. To Thales, in the seventh 
century B.C., the prima materia was water ; to Anaximenes, 
in the sixth century, it was air, both these things being, according 
to common observation, all-pervading and essential to life. 
From water or from air, all things were supposed to proceed by 
a process of rarefaction or of condensation. 

Into the philosophy of the Ionian School, Pythagoras, in 
the middle pf the sixth century, introduced the conception of 
ninnber and. of order. The diverse forms of matter are not 
produced from primitive matter in any haphazard fashion, but 
according to number, according to harmony. ' Law and order 
prevail. The idea of discontinuity of matter was also introduced. 
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Wliile retaining the Ionian concophion of a singl(‘, fundanKnital 
unity underlying all matter, IIprac’litits of t'lplH'Sus, in tlie 
sixth century, introduced the idea of motion, of moI)ilitv, of 
change, as exemplified in a visible form by lir(^ To Ih'raciihis, 
all matter is in a state efflux — his views being sunmual up in tho 
well-known dictum, Trdura pec (panta, rhei). '**' (diangc^ is (‘very- 
where, everything is and is not ; there is no stability, liven 
in the same river one cannot bathe twie(\ nor oxon once.^’’ 
The idea of the continuous motion of pariich^s is at th<' basis 
of the modern kinetic theory of matter. 

From the observation that wlien wood is liurmal flame or 
fire is produced, that smoke or air ascends, that moisture 
escapes and ca-n be condensed to watxa-, and that ash or <^arth 
remains as a residue, JiMrKixx’LKs, in tlu' /IfHi c(mtnrv H.C'., 
regarded fire, air, earth and water as t h(' four primary, <de~ 
mentary constituents of matter. From l.h<\s(^ four (d,(a’nal, 
indestructible and immutable elemeni.s, all known forms of 
matter were regarded as being produccxl by (aimhination (under 
the influence of love or by separaiion (umh^r th(‘ influence 
of hate This view of the, four (dements is oC [inrticulnr 
interest because, modified a century latca* by Aristoth', it 
dominated philosophic and scientific thought until th(^ time of 
Robert Boyle in the seventeenth century; and th<‘ ich^a lingers 
on in the everyday language of tli<^ pn'sent day. 

In the philosophy of Aristotlk (384 322 B.(k) ih<»r(* was first 
added to the four elements of Kmpedocles, a fifth, (vthe}\ which 
soon, indeed, absorbed tlie otlior four and b(‘cnin<‘ the one 
primordial quintessence of matter wlueh neted as th(' carri(n' 
of the four essential [iroperties or t|ualiti(\s, hotness, colcf- 
ness, dryness, wetness; and the combination of tluvsc^ pro- 
perties, in pairs, was supposed to give ris(‘ to tlu^ four primary 
forms of matter — fire (hot and dry), air (liot and wet), (‘arth 
(cold and dry), water (cold and W(4.). By the union of these 
qualities in diflerent proportions, the diveu'se^ kinds of matter 
were supposed to be formed. So long as this view obtained, 
that matter has no reality in itself but is merely th(^ carrier or 
embodiment of certain cjualitios, it is clear tfiat tlie conversion 
of one form of matter into anotlum by altering thes proportions 
of the elemental qualities, would appear to be (juit(^. Auisible; 
and the aim of the ancient and medimval alchemists, ther(dbre, 
to effect such a transmutation would s(‘Cm to be neither hope« 
less nor absurd. 

Underlying the philosophy of Aristotle, and most of the other 
Greek philosophies, is the idea that matter is continuous ; that 
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it is capable of infinite subdivision. But we must now turn 
to the essentially different view, put forward in the fifth and 
fourth centuries B.C., by Leucippus, Democritus and Epicurus. 
According to the doctrine of these philosophers, a doctrine which 
comes nearer to modern scientific views than any other system 
of philosophy of the ancient world, and which has been preserved 
and expounded by the Roman poet Lucretius (98—55 B.C.), 
“ matter does not cohere inseparably massed together,’’’ but is 
made up of individual particles, the atoms ’’’’ or the first- 
beginnings of things,” which are immutable and eternal. These 
first-beginnings ” are in constant motion, travelling through 
void. As Lucretius writes : Since this then is a certain truth, 
sure enough no rest is given to first bodies throughout the 
unfathomable void.” Of this truth which I am telling we 
have a representation and picture always going on before our 
eyes and present to us : observe whenever the rays are let in 
and pour the sunlight through the dark chambers of houses, 
you will see many minute bodies in many ways through the 
apparent void mingle in the midst of the light of the rays, and 
as in never-ending conflict skirmish and give battle, combating 
in troops and never halting, driven about in frequent meetings 
and partings, so that you may guess from this what it is for 
first-beginnings of things to be ever tossing about in the great 
void.*” The first-beginnings were not regarded as being all 
alike but as diff’ering in size and shape and compactness. By the 
coming together and coherence of these atoms, the diverse 
substances are formed ; and the diversity of substances was 
regarded as being due, not to differences in the nature of the 
atoms, but to differences in their size and shape and manner of 
their union. As explained by Lucretius : Now mark and 

next in order apprehend of what kind and how widely differing 
in their forms are the beginnings of all things, how varied by 
manifold diversities of shape ; . . . the things which are able 
to affect the senses pleasantly, consist of smooth and round 
elements ; while all those on the other hand which are found to 
be bitter and harsh, are held in connexion by particles that are 
more hooked and for this reason are wont to tear open passages 
into our senses and in entering in to break through the body. . . . 
Again, things which look to us hard and dense must consist of 
particles more hooked together, and be held in union because 
compacted throughout with branch-like elements.” ^ 

Rise and Development of Alchemy. — While the ancient 
Egyptians accumulated, over a long period of time, a great 
^ Lucretius, de rerum uatura, translation by Munro. 
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store of facts relating, more especially, to drugs arid metals, 
their knowledge was purely empirical. ’^Ida'V did not s<‘ek for, 
or in any case they did not obtain, any real understaruliag of the 
processes they carried out, or any gcmeral laws binding together 
the isolated data of experience. No attempi. wa.s made to classify 
phenomena, and practice was without the guidance of theory. 
Among the Greek philosophers, on th(‘ ottua* hand, tlaKiry %vas 
divoi*ced from practice, and aJthough imagination supplied a, 
wealth of theories, these iJieories lacked an ad('<juat(^ foundation 
of experimental fact and were incapable of exfierammital v<‘rif!- 
cation. In Alexandria, however, which in tln^ third century 
before the Chinstian era had become the c(mir<^ of Helhmistle 
culture, Egyptian technical knowhalgi^ became united with 
Greek philosophic speculation, and from the unioti th(a*e arose 
the first crude beginnings of a sckmc(' of chemistry. 

In the great tcmple-laboratories of Egypt, as we learn Irom 
a papyrus of workshop receifits discovered early last centiny 
at Thebes, Egyptian craftsmen had achieved much success in 
the production of alloys and in superficially colouring tlie baser 
metals so as to counterfeit the appearance of gold and silver. 
These craftsmen, however, had no illusions regarding their 
work and held no mistakoTi idea of tra,nsmiitation ; nor had 
they, we may suppose, any grc'ater intention to d(a*<av<^ than 
have their successors at the presemt day who produce^ and put 
on the market various metallic alloys i•(‘sembIing thc^ noble 
metals in appearance.’^ Their purpose^ was to supply those 
who did not care to pay the price of the genuiine artich^ with 
cheaper substitutes of r’milar appearance* ; and the industry 
apparently became a profitable one, for, as IMiTiy wrotc^,^ the 
art of making alloys formerly done for the sake of reputation, 
is now undertaken for the mere purpose of gain * . . men of 
rank in all countries endcavonrc'd to acquire fame by i,he [)ractiee 
ofit.^^ 

Following on the proscription of the Egyptian religion, the 
destruction of the temples and the burning of tln^ great libraries 
of Alexandria by the Roman emperors, there was forttied tutiong 

1 Practical men were able to distinguish botwocn gold and alloys and mm 
to evaluate the " fineness ” of gold alloys by the (colour and naturt^ of the siroak 
on touchstone (a velvct-blaok silioiouH stone or flinty jasper), and idso by the 
specific gravity, as we know from the story of Archimedes and King Hicmj's crown. 
At an early time, also, gold was tested by heat, Hius, in one of the Talheb 
Amarna letters, Burraburias, king of Karadunias, wrote to Amenophis TV, king 
of Egypt, in reference to a ‘gift of gold which the latter had sent, “ the . . . minas 
of gold which they brought me, when T put them in the furnac€% they were (unde 
value), not of full weight.” 

2 Natural Bistory, 84, 3. 
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the scattered priesthood a secret cult in which the technical 
knowledge of the Egyptians was mixed with the philosophic 
doctrines of Plato and Aristotle and the mysticism of Persia 
and Chaldea. Under the intellectual domination of the Aristo- 
telian doctrine that the material universe is made up of one 
primordial matter which acts as the carrier of certain essential 
properties, the view readily arose that the conversion or trans- 
mutation of one kind of matter into another might be brought 
about by altering the proportions of the essential qualities. In 
minds attuned to such a doctrine, the fact that alloys resembling 
gold in appearance can be produced from baser metals, that 
' silver is found occurring in lead ores, etc., gave rise to the view 
that actual transmutation — partial or complete — had taken 
place. Such a secret and mystical cult, which claimed as its divine 
founder Hermes Trismegistos,i the thrice-great Hermes 
(identified with the Egyptian god Thoth), and which surrounded 
itself with an air of mystery and imparted its secret knowledge 
only to the initiated, readily became a prey to obscurantism, 
necromancy and magic. When, therefore, the Roman Emperor 
Diocletian, in A.D. 292, ordered the destruction of all books 
dealing with chemia or the art of making gold and silver, he 
may have been moved thereto not merely by a fear that the 
currency would be debased but, as Gibbon suggests,^ because 
he was desirous of preserving the reason and fortunes of his 
subjects from the mischievous pursuit. 

Of the state of chemical knowledge in the third century and 
the mental outlook of those who sought to practice transmutation, 
a picture is given to us in the works of Zosimos of Panopolis, 
who lived about A.D. 300. In these works, which exercised a 
considerable influence on, and were frequently quoted "by, later 
writers, there are given many laboratory receipts and directions, 
often couched in mystical language unintelligible to all but, 
presumably, the initiated adepts, as well as .descriptions of 
furnaces, stills (Fig. 1) and other apparatus then in use. For 
success in the art, we learn, a man must be pure in mind and 
free from avarice, and the planets also must be favourable. 

When the Museum of Alexandria and the last of the schools 
of science and philosophy were closed in A.D. 415, many scholars, 
carrying with them a knowledge of and interest in the ancient 
learning, fled to Syria and Persia. There they translated into 
Syrian many Greek and‘ Grmco-Egyptian works dealing with 

1 From this mythological founder are derived the terms “ hermetic art ” and 
“ to seal hermetically.” 

^ Decline and Fall of the Roman Empire^ Chap. 13. 
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})liilos()[)liy, niociieiue and t.ecluiioal art.s. Aftc'r t h<‘ <‘<)iu[uest 
of Persia, Syria, and by Mk' Arabs, Idllowiug' on tlu' rise 

of Islam in the seventh century, these P('rsian and Syrian scholars 
lield in high esteem, and wen^ W(‘l(*oni(al ai ilu^ courts of 

such caliphs as Harun al Rashid, 
who rcngrual from 78(> io 809. 
'Pranslations ofilu' anci(‘nt works 
into Arabic w<'r<^ now madta and 
ail hough IIh' Arabs did not Ihcnn- 
selv(^s add giaait ly to th(‘ older 
kn<)wl('dg(‘, liny Ix'cann' Its guar- 
dians during tln^ yc'ars vvdicn ’ 
W(\slern h'uropc^ was suderiug 
martyrdom and was Inang ravageal 
by th(' (ioths, the \’andals and 
Hu' Huns. R\) tln‘ b'rm chemm 
of Ihdhmistic cultures the Aral)s 
pr(diK<‘d t h(‘ir <l(dinit(' arlichsand 
so gav(' us afrltcni//^ a t(ann wlucli, 
altliough not. ddteriiig in its sig- 
nitication from clumustry,^ it is 
convenient to apply to that, period 
of clnnnieal stu<iy and investiga- 
tion which dt‘v(dop(Ml mainly 
under th(‘ iidlinmei' of tin' Arabs, 
and which lasted down to the 
sevont<‘entli oreight(Hmth century 
when chemistry became an (nxaet seietuan During that [leriod 
chemical science was dominated mainly by the [ibilosopliy of 
Aristotlo and a belied’ in the transmutabiUty of medals. 

When the ancient knowhnlge passenl under the^ care of the 
Arabs, much of thc^ mysticism anel obscurity which hael cha- 
racterised the chemistry of the Alexanelrian school was swept 
away ; and the investigation of “ th<^ properties and gemeration - 
of minerals anel of substanccKS obtained from animals and plants,*’^ 
was undertaken in a more systematic ami scientUic mnuuer. 
This new direction of thouglit atid invevstigation Is first clearly 
found in the works of Jauir Ihn IIavyan (721 81B), generally 
known to the West as (tubkh, a Persian liy birtfi who came to 
occujy a, position of much influenee and importance at thc' court 



Fin. I. — Farly apparatus for (lisliP 
latiou. 

ho vapour from the hoiluig iKpad 
is condonaod m the ui)p(‘r flash, and 
tlio Ihpiid formod cscapivs through tfio 
side tubes. 


1 This applies, of course, only to tho material aidc^ of alelieany. The mystical 
side of alchoray does not concern us hero. 

s It was supposed that metals, for example, were generated in the earth, in 
analogy with the generation of animals. 
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of the renowned caliph Harun al-Rashid towards the end of the 
eighth century. Geber devoted himself eagerly to exp elemental 
investigation and accomplished not a little towards laying a 
solid foundation for future science. At that time, and for long 
afterwai'ds, the commonest operations of the alchemists were 
calcination-, more especially of metals, for the purpose of removing 
impurities, sithlimation and distillation.^ and a clear account 
of these is given by Geber. Geber also devoted himself to the 
development of a number of the practical applications of 
chemistry. 

In the works of^aber, also, we find expressed the view — 
derived perhaps from an earlier period — that all metals are 
in their essences mercury coagulated with sulphur . . . and 
they differ only on account of their different accidental 
qualities.’ ” By mercury ” and sulphur were meant not 
the substances known to us by these names but hypothetical 
substances which are a sort of quintessence of the common sub- 
stances. Mercury ” conferred the property of fusibility, malle- 
ability and lustre, while to sulphur ” was due the property of 
combustibility or alterability by fire. The differences which 
exist between metals were supposed to be due to differences in 
the relative proportions of sulphur ” and mercury ” in 
them ; and, on this view, therefore, by altering these relative 
proportions it should be possible to transmute one metal into 
another. 

Although most of the Arabian alchemists were believers in 
the possibility of transmutation, there was one notable exception, 
namely, the philosopher, poet and physician, the Hippocrates 
and the Aristotle of the Arabians,” Ibn Sina or Avicenna 
(980-10tS7), who held that it is no more possible to transmute 
silver into gold or copper into silver than it is to convert a horse 
into a dog or a man into a bird. 

With the conquest of Spain by the Moors in the eighth 
century and the founding of a university at Cordova which 
attracted scholars from England, France and Germany, the 
Arabian learning was introduced into Western Europe. Through 
the translations of Arabic works by the Englishman Robert of 
Chester in 1144 and others, a knowledge of alchemy was spread 
abroad, and not only the intellectual interests but also the 
cupidity and avarice of many were thereby stimulated and 
inflamed. In Europe, alchemy, finding a soil very favourable to 
its growth, took firm root, and during the twelfth and thirteenth 
centuries, more especially, and also long afterwards, flourished 
luxuriantly, the main object of endeavour being the discovery 
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of the Philosopher's Stone," ^ by in(\‘ujs of wliicli basc^ nu^tnls 
might be transmuted inh) gold. 

To some, probably, ot ti)(^ gTeat(\s(. scholars, lik(' tlu^ groat, 
Dominican monk and Bishop of I{eg(4isburg, Alhhiitiis MA(JNtis ^ 
(1193-1282), the ‘'‘■Doctor Dniv<a*satis " !n ma^ia 

natural% mnior in philo.s'ophia^ nnf,vhnj/^s' in fheolo^in a ad iho 
Knglish Franciscan Friar, HcxiKR Bac^on (15214 1292) -the 



EiooKR Bacon*. 


‘■"Doctor Mirabilis the theory of a prinia watena and the 
conception of transmntation made chic^fly ati intt4l(udnal and 

philosophic appeal. The ibraicr, certainiy, did not believe in 
the actuality of transmutation, for lie wrote : “ Alchemy cannot 
change^ metals but can only imitate them. ... I have tested 
alchemistic gold. After six or seven heatings, it is l:)urned and 
reduced to ashes.” 3 In the speculum Alduirniw or Mirrcrr of 
Alchemy, a work usually attributed to tiim, Uaeon writes'; 

1 This was also called by many other names, such sis, the elixir, the maKistt'rium 
,he stone of wisdom, etc. 

* His true name was Albert von BollstHdt. 

“ cZe miner alihxu^f Book 8, 9. 
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Another [besides Hernies] has said : Alcheniy is a science 
which teaches how to transform any kind of metal into another : 
and this by a suitable medicine, as is made clear in many books 
of the Philosophers. Wherefore, alchemy is a science which 
teaches how to make and prepare a certain medicine, called an 
Elixir, which when thrown on metals or imperfect bodies, doth 
in the moment of the projection make them completely perfect/’ 
Of the production of metals in the earth, he writes : ‘‘‘‘ It is to be 
noted that the mineral principles in the mines are mercury and 
sulphur. Frozn these, all metals and all minerals, of which there 
are many and diverse kinds, are generated. But I say that 
nature always aimed at and strove to achieve the perfection of 
gold. Diverse accidents, however, supervening, transform the 
metals, as is found stated sufficiently clearly in many books of 
the Philosophers.” 

In the Mirror of Alchemy^ Bacon is not so much expressing 
liis own views as attempting to give a clear account of the views 
and beliefs of the Philosophers ” as set forth, often obscurely 
and in riddles, by the Arabian writers. ^ It may be that Bacon 
accepted these views and beliefs, but there is little evidence 
that he busied himself in the practical tasks of achieving trans- 
mutation. Although, Bacon could not free himself entirely 
from the fetters of authority and dogma and from the prejudices 
of his time, it should be remembered that he was one of the first 
to insist on and to practise the expeidmental and inductive method 
of science, the method by which the fetters of authority, pre- 
judice and superstition were ultimately broken. 

Of the alchemists who accepted the doctrine of the trans- 
znutation of metals, many, doubtless, were imbued with the 
honest and single-minded desire to learn the secrets of nature ; 
and they devoted themselves — under the guidance of an erroneous 
theory — with an intense and feverish activity, to the practical 
task of finding the Philosopher’s Stone ” and of effecting 
actual transmutation. They are not given to idleness,” wrote 
Paracelsus, nor go in a proud habit, or plush and velvet 
garments, often showing their rings on their fingers, or wearing 
swords with silver hilts by their sides, or fine and gay gloves 
on their hands ; but diligently follow their labours, sweating 
whole days and nights by their furnaces. They do not spend 

1 The view that “ mercury ” and “ sulphur ” are the underlying principles 
of all metals, and that the production of the perfect metal, gold, is the end and 
aim of nature’s striving — a process which may be accelerated by means of the 
“ philosopher’s stone ” — is found in the works of Jabir or Geber. Subtle, in Ben 
Jonson’s play, The Alchemist, expresses the current alchemistic belief in the words : 
“ Lead and other metals . . . would be gold if ’ they had time.” 
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their time abroad for reercatioti, but iak(^ d('lii»’ht. in i\\eiv labora- 
tories. They])ut theii* fingers among coaLs, into (*lay and flltli, 
not into gold rings. 'Jdiey are sooty and black, lik(' smiths and 
miners, and do not pride thems(dves n[)on chaan and Ixamtiful 
faces. 

In the search for the })hil(>s(>})her'’s stonty all Ihc' kingdoms 
of nature- — animal, vegetable and mineral ^ \v('r(‘ ransacked, 



Tan An<nmMisT. 

After a paixitmg by A. van Ostadt* (l(HU). 

{National Gallcri/^ London^) 

^ On the sheet of pap(‘r lying on tln^ floor tlu^ artinf., with Iroak^ iuimoufj, luis 
painted the words, olmni vt opmim ponliM, thou lahoun»Ht in vain. 

and minerals of all kinds, [)lant juices and animal st'cndions and 
excretions, were calcined, fused, boihal and disi.iUial Home of 
these alchemists undoubtedly believed that they had discovered 
the I^hilosopher's Stone and had aetualiy accomplished 
transmutation. 

If, however, there were some alchemists, who W(‘re lioncstly 
striving after knowledge, there were also many for whom avarice 
and cupidity were the^loadstars, and it is they who have caused 

^ This classification wo owe to tho Arabs. 


THE TWIETOIIT AGE OE CHElklfe'rRY 


alchemy to be associated in men‘’s minds with deceit, quackery 
and chaidatanism. '''' The darkness of the middle "ages ensurecL 
a favourable reception to every tale of wonder, and, the- revival 
of learning gave new vigour to hope, and suggested more specious 
arts of deception ^ and for hundreds of years the conviction 
that gold could be produced by the transmutation of the baser 
metals was widely and firmly held in Europe, not only by the 
ignorant but ev(^n by the learned, and by kings, rulers^ and 
governments who, seeking to fill their coffers with alchemistic 
gold, only succeeded in falsifying and depreciating their currency. 



A sixteenth -century still. 

As time went on the boasts of the alchemists became more 
extravagant — I could change the whole sea into gold if it were 
mercury, asserted Raymond Lully — and it was also claimed 
for the Philosopher'’s Stone not only that it would produce gold 
but that by it all infirmities may be cured, human life pro- 
longed to its utmost limit, and mankind preserved in health and 
strength of body and mind, clearness and vigour.*’’ ^ 

If the alchemists of the middle ages failed in their endeavour 
to transmute the baser metals into gold, they and the many 
unlearned craftsmen who for centuries carried on their avocations 
and ministered to the needs of their fellow-men, prepared a large 
number of new and important substances (the mineral acids, for 
example), obtained greater knowledge of many chemical pro- 

^ Gribbon, Decline and Fall of the Roman Empire, Chap. ] .3. 

'' Report of a Commission to Henry VT of England. See Traill, Social England, 
2, 374. 
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cesses and perfected apparatus aaul methods of work. During 
the alchemistic period, there fores a broad foundation of know- 
ledge was being prepared on which tin' future s<M(‘nc<^ inigfit \n\ 
built. As Francis Bacon wrote : Alclumiy may b(' compared 

to the man who told his sons tlnit lu‘ had l(h*t Ihcnn gold l)uricd 
somewlxere in his vineyard ; where ttiey by digging found no 
gold, but by turning up the mould a.bout llu' roots of lla^ vitios, 
procured a plentiful vintage.'^*' The daughter, it tnay b<% of (^rror, 
alchemy became the mother of knowledge^ and trut h. 

The belief in the transimita,tion of metals, although it per- 
sisted bill the eighteenth century, had long Ixam waning in 
vigour as men became more conscious of its failuri's and as the 
true spirit of scientiiic investigation slovvdy developcal. In the 
sixteenth century, moreover, alchemy aecpiirc'd a nobler aim and 
ideal under the influence of Parac’klsits (149B-1/541), who taught 
that the true aim of alchemy is tlu^ curing of human illness and 
disease, and that the preparation of drugs is the* main object 
of the chemist. A new era in chemisi ry was tluuH'by inaugurated, 
known as the period ol' iatroc/umiutn/^^ or naalical (dnmustry. 

PlIlLTPPUS AURKOLtTS TuKOPII RASTUS BoMBASTOS VON IIoURN- 

HEIM, commonly called Paracelsus, om^ of the outstanding (igures 
of the sixteenth century, was a man of gxmius and of great 
sincerity but possessed of a restless and turbuhmi spirit. Self- 
sufficing and deflarit, he was hy iemperaaieut a redbrmer and a 
rebel against convention and authority. Born n.t Finsiedeln, 
in Switzerland, in 1493, he took up tlie study of medicine and, 
after much wandering and a varied (‘Xfiericncis be<‘amc^ Pity 
I^hysician and Professor of Medicine in the University of Basle 
in 1526, 

Speaking in German instead of in Latin, the language at 
that time of the universities, Ihiracclsus, even in his opening 
lecture, made public declaration of his opposition to accepted 
medical authorities, and melodramatically consIginHl to the 
flames the works of the older writers, Galen and Avicenna, with 
whose teaching he disagreed. Thereby, perhaps, was copying 
the action of another great reformer, Martin Imther, who," six 
years before, in the presence of an assembled multitude of 
doctors, students and citizens, liad publicly burned the papal 
bull of anathema at the hdstcr Gate of Wittenberg. 

The aggressive disposition of Paracolsius and his unorthodox 
beliefs soon led him into conflict with liis colleaguc^s and the 
civic authorities. Within a year, he iibandoned his officic^ 

^ Prom larp69 (iatros)* a physician. 
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positions, «Tnd, becoming once more a wanderer seeking and 
urging others to seek knowledge not from books but from contact 
with reality, he passed from place to place, teaching his new 
doctrines and spreading abroad a knowledge of them by means 
of his writings. He died at Salzburg, in Austria, in 1541. 

Extending the theory of Geber, Paracelsus adopted the view 
that all matter is made up of three elements or principles, tria 



Paeacelstjs. 

After a Painting by J. van Scorcl 
{TliQ Louvre, Parts,) 

prlrna^ mercury,'’'* sulphur and salt,^^ tlie last-mentioned 
representing the principle of unchangeability by fire. When 
these three are combined then we have what we call a body, and 
nothing is added to them except life and what depends upon 
it.'’ Diseases he considered as being due to disturbances in the 
normal composition of the body, and tlie function of drugs was 
to bring about a readjustment of^the proportions of the tria 
prima. Hitherto these drugs haA been almost entirely of 
vegetable origin, but I^aracelsus now advocated mainly inorganic 
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sabstuiJLces or siil).stauce« oT iuiiieral suc‘h sub- 

stances, tlierefore, came to be proparcal. 

Tlie teachings of Paracelsus (huanan n(uau(\s and 

beloved Ti'isuiegistus, as liis inorc^ tail fiusiasl ic* (Hscapk^s caallcd 
Jiim — exercised a great iutlueuce on Mu' hisi.ory ol‘ chemisiry, 
for they not only weaned men’’s minds from tlu' obsc'ssion of gold- 
making and from tlie deceitrul a.nd miscliic'vous art of alcduuny,’’'’ 
as I^conardo da Vinci called it, but tlu'y also hal i,o Mu' pr('f)arn- 
tion and study of many nevv^ mat.ei’ials. latrocdu'misi ry, there- 
fore, acted as the jiecessary link Ix'twaum th(‘ alcluaay of the 
jfifteenth and the beginnings of an exact sci('n<*<' of* chtauisl,ry iti 
the seventeenth (jentury, of whicdi the htu-ald wuis Mu' Hon. 
RoBiiixiT Boylk. 



CHAPTER III 

THE DAWN OF CHEMISTRY 

Robjsrt Boyle, the youngest son and fourteenth child of the 
First Earl of Cork, was born at Lismore, in Ireland, in 1627, the 
year after Fi’ancis Bacon died. After passing four years, between 



Kobert Boyde. 

From the Painting after P. Kerseboom. 
{National Portrait Gallery, London ) 


the age of eight and twelve, at Eton, Boyle spent six years in 
travel and study on the Continent — mainly at G-eneva and 
Florence — before returning to his home, Stalbridge Manor, in 
Dorset. Despite the turmoil of Civil War, then raging in Eng- 
land, interest in natural knowledge was stirring,, and there were 
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some who sought and found (^sea^pe from th(^ political and 
religious strife of the times in the ({uiet wat<n*s of sci(‘ntilic study 
and in the cultivation of cxjieriiueutal scicuiccs I hen called the 
New Philosophy. ’’’’ About 1()4(5 or 1647, Boyhs who was of a 
thoughtful and studious disposition and had sliowu some 
interest in physical science wliile at Klonmccs was introduced as 
a member of the Philo.mphieal College^ or, as it was humoroudy 
called, the Invisible College^ because' it had no dx('<l place of 
meeting. This College had been fornu'd in London a, yc'ar or 
two previously by a, small nnmbt'r of uh'u \vh(> W('r<' intc'n'sted in 
cxpeidmental science, arid in 1663 it d('v<'Iop('d into tin* Royal 
Society, one of a grouf) of learned soci('ti('s wlii<*h n'lh'cU'd the 
newly-born scientihe spirit of the lime and which W('r(' c'stablishod 
in the second half of the sevenleenlti century in hhigland. Franco, 
Crerniany and Italy. The mc'mbers of thc' Colh'gc' met from 
time to time for the discussion of plalos<>phi<‘aI and sci<‘nti{ic 
cjuestioiiis, and adopted the experimental and imluetivc' mcdJiod 
of modern science as laid down by Francis Bacon, bc'ing satis- 
fied that tlicre was no certain way of arriving at any compc'teut 
knowledge unless they made a varii'iy of ('xpt'rinu'uts upon 
natural bodies, 

Boyle’s own experiments cover(‘<l a. fairly wid(' fic'ld. He 
improved the pneumatic engine ” or air pump which ha,d been 
invented by Otto von Ciucricke, and studh'd thc'rewith the 
‘■‘’Spring” or elastic power of tlie air^ Through these' experi- 
ments ho was led to invc'stigah' thc* rc'lntionship fx'tvvec'n thc 
volume and pressure of air, and c'stablished the* gc'nc'ralisation 
known as Boyle’s law. Boyhi discoverc'd, also, the* dc'pcndcmce 
of the boiling point of a liquid on the pressure* ; he* sc'paratcd 
wood alcohol from thc other products of the distillation of wood, 
prepared thc important liquid, acc'tonc*, by hemting thc* acertatos 
of calcium and of lead, and introduced the mixture of ice and 
salt as a fi-eezing mixture. 

Important as were the experimental contribidions to science 
made by Boyle, his chief claim to farm* niul honour depends on 
the views which he expressed in The ^leepiieal (ihpmUf,, published 
in 1661. In this book, which marks the beginning of a nev^ 
era — the scientific era— in chemistry, Boyle*, breathed a new lift 
and spirit into the science; and he gave to cliemicaJ study and 
practice not only a new motive and direction but a new method 
No longer should the chief aim and motive of clu'mistry be to 
produce gold or to prepare drugs but, in complete fn*edom, to 
acquire a knowledge of the composition of different kinds oJ 
matter, to find out nature, to see into what principles 
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things might be resolved, and of what they were compounded.’’’ 
Such knowledge could be gained only by the experimental 
method, not by deductive speculation. Boyle was the first to 
use the term analysis^ the practice of which he encouraged for 
the purpose of ascertaining the composition of materials. He 
introduced a number of tests, still employed, for different 
elements, and he was the first to employ coloured plant products 
(e.g. litmus) for the detection of acids and alkalis. 

In Boyle’s time there was an absence of sound theory founded 
on experiment, and both the alchemists and the iatrochemists 
were obsessed by vague ideas about qualities or principles which, 
it was thought, could be added to or withdrawn from matter 
at will. Thereby a transmutation of matter or the curing of 
disease could be effected. 

Casting off, however, the obscurity and mysticism of the 
alchemical writers who by mystical terms and ambiguous 
phrases darken what they should clear up,*” Boyle pointed out 
that no real advance in chemical knowledge is possible until 
the vagueness and indefiniteness of the terms element, principle, 
quality, essence, etc., used by Aristotle and the mediaeval 
alchemists, were swept away, and clearly defined notions put 
in their place. This Boyle does in The Sceptical Chymist^ where, 
for the first time, the distinction is drawn between mixtures, 
compounds and elements, and the conception of an element 
is clearly formulated. I mean by elements,” wrote Boyle, 
certain primitive and simple, or perfectly unmingled bodies ; 
which not being made of any other bodies, or of one another, are 
the ingredients of which all those called perfectly mixt bodies are 
immediately compounded, and into which they are ultimately re- 
solved.” A more practical definition of an element, such as was 
given at a later date by Lavoisier, could not then be formulated. 

The publication of The Sceptical Chymist may be said to 
mark the close of the alchemistic period and the birth of scientific 
chemistry. And yet, in spite of the force and clarity of Boyle’s 
teaching, chemists could not easily free themselves from the 
spirit of mediaeval thought. For a hundred years, the develop- 
ment of chemistry as an exact science was delayed owing to the 
domination of men’s minds by the phlogiston theory of combustion 
with its underlying hypothesis of a vague principle of com- 
bustibility.” To a fuller consideration of this, we shall return 
in due course. 

On December 31, 1691, Robert Boyle, the kindly, lovable, 
courteous and humble-minded nobleman and man of science, 
passed to his rest. 
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Ttie Aim. and Scope of Chemistry. ‘using' tlin frcuKlom 

a,u<l iiKippcaidouco wliK‘h Boyle c*laim(Ml for <‘h('mlslr\% aiul a<*copt~ 
iug the new motive and dirt'olion u hieh h(^ga\<‘ lo i is si n<l\% one 
may bi'ieHy state tlio aim and scope oi‘ lh(' s<*i«nt<‘e in t lu^ following 
ternis : 

Clieiuistry is- a branch of sei<mee wiileh <l<‘als with matter, 
or with the material uiiivcn-se which is la^vt'ahal to ns by our 
senses. It studies the diherent kinds of suhstatua's foiuul in 
the world, whether in tlie living animal or v<‘g<duhh^ organisms, 
or ix\ the non-living inim'raL ma.tt,<‘r of t lu* unlvan'sc". (dunnistry 
investigates the composition ami sj>{H*i(K‘ prop(n*ii(‘s of* these 
substances, the nudhcxls of* tlxar pi*eparni ion, t h<^ char\ges 
which they undergo, and tJuhr Ixdmviour, not, only in ridaiion 
to what are callccl physical forccvs (lx*at, light, <d(Hd,rieit y, etc.), 
but also in relation to other subst.niua's. 

In interpreting this didinit.iou, howi'vm*, it. is ixxa'ssnry always 
to bear in mind that, clxunisti'y, like other hranchc's of science, 
has a spirit as well as a. body. I(. is rx>t, tlx^ particular hicts of 
a science that constitute its vitality, but tlx^ g(meri<‘ facts or 
conceptions to \vhich they liave (dcn^atixi tlu^ mind. Facts ai’e 
the body of science, and the id<‘a, of l,lx)se fa<ts is its spirit.*’*’ t 
Chemistry, therefore, must not b<^ r<\gard<*d nun-edy as a <‘ollection 
of facts, or as n catalogixi of pr<'paratioiJis and prop<'rti(‘s. The 
chemist must seek nob only bo as<‘<'rbain but also to iut(*rpr(‘t the 
plieiioniena of chemical transforimil ion. lie must rx)t only 
study the jjroducts of chemical changes but, Ix^ must also learn 
the laws according to which tlx* yxrocAv.vr.v of tdxnnical <*hange 
take place. Moreover-, iii his (nich'avour to irit<‘rpr<‘i those laws, 
the chemist must conccaai himself also with thc^ furxlanxmtal 
questions i*elating to the ultinmte coustdiution <uid structure 
of matter, and to the' forces which govenm tht' changes and 
transformatioxis which he observes in his laboratory, or which 
fire wrought out in the lai*ger hiboratory of nature. Nor must it 
be forgotten that the frontier lines by wlucdi onc' has sought, 
arbitrarily and as a matter of convenience, to d<dimit the clomains 
of plxysics and of chemistry, have, to a great c'xt<'nt been swept 
away and obliterated by the tumiiltiK>us rush of new knowledge 
which has been a special featimi of tlu' twenti<Th century. 
There is, indeed, now, ik> more fruLlful region of experimental 
and speculative activity than the comnx>xi territory where the 
sciences of physics and chemistry overlap, and in the cultivation 
of which scientific workers — whether they call themselves, or 
are called by others, chemists or physicists -co-operate in the 
^ Saaxiaol Brown, T7ie Ilijstory of ASciefioe (1840). 



THK DAWN OF CHFMISTEY 37 

advancement of a knowledge of nature which is one and 
indivisible. 

Since, in oui' everyday life as well as in carrying out industrial 
operations, we are concerned with matter and with changes and 
transformations of matter, it is clear that if we would under- 
stand these changes aright, and if we would carry out and 
control these changes so as to secure the greatest advantage 
from them, we must possess a knowledge of chemistry. On the 
science of chemistry, more than on any other branch of organised 
knowledge, depend the material well-being and comfort of man. 

Chemistry, however, should be studied not merely for the 
sake of its practical applications and of its usefulness in improving 
old or in establishing new industries ; chemistry, like other 
branches of science, possesses a cultural value, apart from its 
applications. Its study is not only a means of cultivating the 
mind and of training and strengthening the scientific habit of 
thought, but it also brings us into closer relations with and 
gives a fuller understanding of the physical universe in which 
we live. In the study of chemistry one must seek not only the 
knowledge by which material results may be achieved, but the 
understanding of its laws and theories by which alone intellectual 
satisfaction can be secured. 

Mixtures, Compounds, Elements. — Even the most casual 
observation makes it evident to us that this universe is made 
up of a vast number of materials of very diverse kinds ; and it is 
obvious that in order to obtain any effective scientific knowledge 
of the great array of materials, it is necessary to deal with them 
in the way we have learned that the scientist deals with the 
isolated data and facts of experience. The materials must be 
ordered and classified. For this purpose we can, and, in our 
everyday life, we do, make use of the impressions which the 
different materials make on our senses. Thus, by the sense of 
touch, we can distinguish a piece of coal from a piece of graphite, 
because of the greasy or unctuous feel of the latter ; and 
our sense of sight enables us to distinguish different materials 
according to their colour — sulphur from bluestone (copper 
sulphate), red lead from malachite. 

The impressions which a particular material makes on the 
senses constitute some of the properties of the material ; and 
one might group the different materials in accordance with 
these sense impressions, as was, indeed, largely done in the early 
pre-sci&ntific days. A classification, however, which depended 
entirely on direct sense impressions would not be sufficiently 
exact, and it is for this reason that in olden days materials which 
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we can now readily distinguish were thought to be t!u^ same. 
Malachite (copper carbonate), for exatnpk', was not clearly 
distinguished from emerald, axul real lead (oxide of lead) was 
confused with cinnabar (sulphide of mercury). Other properties, 
therefore, besides those of direct setise impression, and more 
especially properties, c.g. density, whicl* can be accurately 
measured or determined, must be takem into accouixt. 

On making a careful examination oftlie objt'cts and materials 
around us, we lind that they can b(' groupcal into iavo large 
classes : homogeneous bodies or materials and helerogeneom bodm 
or materials. In the case of the former, th(^ propertii^s are the 
same in every portion of the material, dduis, if om* examines 
a piece of sulphur, for example, one can d(d;('ct xio want of 
uniformity in the colour, such as would betniy the presence of 
different kinds of matter. The mass is uniformly yedlow througln 
out. Moreover, when a jhece of sul|)hur is subjected to a more 
thorough examination, one leanis, not only that, at the ordinary 
temperature, it is hard, but that it can rc^adily b<' ground to a 
powder, and that when heated to a certain definih' t(‘mp('raturG, 
it melts or passes into the Ikpiid state. Wlnm heated to a 
somewhat higher temperatime in contact with the air, the. sulphur 
takes fire and burns with a blue flame. At th(‘ same time, a 
gas with a choking sniell is produciHl. When phuual in water, 
the piece of sulphur sinks, but do(^s not undergo any change. 
When brought in contact, fiowover, with th(^ colon rl(\ss licpiid 
called carbon disulphide, the sulphur (hsa|)p(^ars. It passes 
into solution or dissolves. 

When one tests^ or examines, the behaviour of other pieces 
of sulphur, it is found that all behave in (exactly thc^ sanui way* 
Each piece of sulphur, irresj[)ectivc of its origin, siJ^e or shape^ 
melts at the same definite temperature, has a certain density or 
specific gi’avity, dissolves in carbon disulphides but not in water, 
and burns in air with production of a choking gas. (dearly, 
then, these properties arc characteristic of sulphur and enable 
one to place all pieces of sulphur into a group by themselves 
Such characteristic properties are spoken of as speeiJiG propertki 
— specific physical or specific chemical properties, ^ as the casa 
may be — because they are the properties shown by a particular 
species or kind of matter. 

Many other kinds of homogeneous matter are known, 

^ The density, colour, electrical properties, etc., which depend on the respoMe 
of matter to certain physical agencies, are called physical properties. Xhs 
behaviour of one kind of matter towards other kinds of matter, is a ohoiuM 
property. 
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e.g. silver, lead, water, sugar, etc., each, of these names connoting 
a gi*oup of properties which are definite for each particle of a 
particular kind of homogeneous matter. 

We reach^ therefore^ the ^ery importajif conclusion that different 
homogeneous materials can he arranged in groups^ so that the 
members of each group are characterised hy certain specific 
properties. 

In the case of heterogeneous matter, e.g, granite, the pro- 
perties are, of course, not uniform throughout the whole 
mass. Different portions have diflPerent properties, each of 
these portions, however, being in itself homogeneous or uniform 
in properties throughout. Heterogeneous matter is, therefore, 
a mixture of two or more homogeneous portions of matter, 
these homogeneous portions being known as the constituents 
or ingredients of the mixture. 

In the^se heterogeneous mixtures, it will be understood, the 
constituents retain their specific properties, so that it is possible, 
by appropriate means, to separate them 
from one another. If one mixes together, 
for example, a fine powder of iron with 
finely powdered sulphur, a grayish-green 
coloured material is obtained. Since, how- 
ever, the iron and the sulphur retain their 
specific properties, their separation can be 
effected by means of a magnet. The iron 
is attracted by the magnet, the sulphur is 
not. Or, one may separate the irdn and 
sulphur, also, by shaking the mixture with 
carbon disulphide. The sulphur dissolves 
in the carbon disulphide, the iron does not. 2.— Filtration. 

The solution is then separated from the tl© liquid to be fil- 



iron by filtration through filter paper (Fig. 
2), and the sulphur recovered by evaporating 
off the carbon disulphide. 

Fdtration is a process which can be 
applied generally for the separation of sojid 
particles from a liquid, the filter consisting 
of some porous material — unsized paper, 


tered is poured into a 
“ cone ” of filter paper. 
Theliquidpassestlirough 
the paper and flows 
down the stem of the 
funnel, but the solid is 
retained. 

cloth, biscuit-ware, 


etc. — the pores of which are too small to allow the solid particles 


to pass through. 

In arranging the diverse materials into groups of homogeneous 
matter, characterised by specific properties, the chemist is only 
at the beginning of his task ; for, on investigating the groups of 
homogeneous matter more thoroughly, differences of behaviour 
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are found which make n furtlier subdivision lUHM'ssnry. To 
understand this, it will Ix' wt'll to carry out a few simple 
ex pei‘i merits. 

It is a familiar fact that, when wai(a* is IumiUhI to a, certain 
temperature, it boils and passi's into vapour ; and if this vapour 
is cooled down, it condens(\s to li<|uid vvat<a\ "rius process, 
whicli is known as clutiUatlon and which was oru" of th(' (xirliest 
operations to be carried out by l^'j^'vptian and Arabian eraftsnien 
for the ])arpose of preparing' (Irugs and (^tJu'real oils from plants, 
can be very conveniimtly carried out in t la^ apparatais shown 
in Figv 3. Water is hoik'd in th<‘ (lask, and t in' vafiour which 
passes out through tin' tub(^ in tin' in'ck <>l‘ tin' flask is h'd into 
the eenhraJ tnlie of tin' cr>//^/r;/AV7% wln'H' il is ('ooh'd down by 



a surrounding current of cold wat('i\ l'h(‘ <*on<h'ns(*d vapour 
flows into the receiver. A thermonn'ter, insc'rbnl through a 
cork in the neck of ifie ihisk, shows tin' t<'inperature of the 
vapour passing into tlie condensi'r. 'This f ('mpi'rature remains 
constant during the process of distillation. On ('xaini nation, 
the distillate is found to have exactly tin' sanu' propt'rties, e.g. 
the same density, as the original water, by subji'cting water 
to the process of distillation, no change is ('fh'cti'd In th(' properties 
of the liquid. 

Many other liquids, the naities of which arc' familiar to all^ 
such as spirits of wine, etlier, chloroform, cdc., bc'have in the 
same way. Their properties are unaltered by distillation. 

All homogeneous liquids, however, do not behaves in this 
way. As early, at least, as the tentli century, and probably 
much earlier, it was known to sailors that a watc'r ht for drinking 
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could be obtained by tbe distillation of sea-water ; ^ and it was 
also known in the tenth century that when wine is distilled, an 
inflammable water is obtained which is different from the 
wine and which “ burns away without consuming the material 
on which it is poured.^'' This is, indeed, the .earliest reference 
to the preparation of spirits of wine,^’ or alcohol. 

When sea-water is distilled, water vapour only is given off, and 
this is condensed to liquid water, identical with that which was 
obtained by the distillation of water ; and there remains, at 
last, in the flask or stilly after all the water has passed away, a 
white solid, which is really a heterogeneous mixture of common 
salt and various other substances. By the process of distilla- 
tion, therefore, the homogeneous liquid, sea-water, has been 
separated into a liquid and a solid material. If the liquid 
distillate and solid residue are mixed together, a liquid is obtained 
which is identical with the original sea-water. 

Again, when spirits of wine and water are brought together, 
they mix thoroughly and form a homogeneous liquid. When 
this liquid is distilled, quite a different behaviour is shown from 
that which is shown by water or by alcohol alone or by sea-water, 
owing to the fact that both constituents of the mixtui^e are 
volatile. When water or alcohol or sea- water is distilled, the 
temperature of the condensing vapour remains unchanged during 
the whole process ; but when the mixture of water and alcohol 
is distilled, the temperature slowly rises as the process continues. 
This points to a progressive change in the nature of the con- 
densing vapour. Moreover, if the liquid which distils over is 
collected in a number of portions or fractions^ the different 
fractions ,are found to have different properties. The first 
fractions, for example, have a lower density than the later 
fractions, and they give off a more readily inflammable vapour, 
as can be shown by placing the liquid in a shallow dish and passing 
a lighted taper over its surface. In fact, the liquid which first 
comes over is nearly pure alcohol, while the liquid which comes 
over at the end is nearly pure water. * If all the fractions of the 
distillate are mixed together, a homogeneous liquid, identical 
with the original liquid, is obtained. 

From the experiments which have just been described, it 
will be clear j:hat a homogeneous body can, in some cases, be 
separated into different kinds of matter by means of some simple 
process based on a difference of physical properties (in the above 
cases, difference of volatility) of the constituent materials ; 

^ Acoording to Alexander of Aphrodisias (third century), the distillation of 
sea-water was already known in his time (A. von Humboldt, Cosmos). 
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and the original material can be .reproduced simply by bringir.g 
the constituents together In other cases, as .n the ease <>1 
water or of alcohol, no such separation is possi b e. Lvery 
portion or fraction of the distillate and ol the residu(> in l.he 

still is identical. i r 

Two kinds of homogeneous matter, thcrelore, can bi' di.s 

tinguished: 1. Homogeneous matter which can be separutml 
into different constituents by some simple proces.s which is basial 
on a difference of physical properties of the constituents. During 
the process of separation, the properties of the onguuil matt.er 
change continuously. 2. Homogeneous matter which cannot, 
be so separated. To the former kind of homogeiu'ous nuitti'r 
there is given the name of homogeneous mixture or fiolutuni . ; 
to the latter, the name of substance or pure substaiu'c, a sub.stniu'C' 
being characterised by a definite group of specilic piopmf.ii's. 

The classification" of the different kinds of maftm- wlncli 
experimental investigation enables one to maki', is not yi't 
complete. Pure substances, as Boyle pointed out, can b(> 
dh-ided into two classes. In the one class are those which, liki' 
sulphur or iron, have, so far, resisted all attempts to di'coniposi' 
them, or to break them down into substances simpler tlian l.limn- 
selves. These substances, according to Boyle, an' tlu' true 
elements, and this definition of an element, due ossi'utially to 
Xavoisier, is still retainedl The definition, it should bo noti'il, 
does not assert the impossibility of decom])osition, but insists 
merely on the fact that the possibility, if it exist, has not so far 
been realised.^ Although this definition may still serve for most 
purposes, modern knowledge regarding the constitution of 
matter, to which reference will be made in a later chafitcr, shows 
the need of a new definition. 

In the second class of pure substances are placed those vrluch, 
by one means or another, can be resolved into simpler substances. 
These more complex substances are called compowuls. Thus, 
if one heats in a tube, called a test-tube', the reii colourc'd 
substance known as red precipitate or oxide of mercury, globules 
of a shining liquid, shown by appropriate tests to be mercury, 
are deposited on the walls of the tube. No other new substance 
is observed, but if a glowing splint of wood is inserted into the, 
tube, it bursts into flame, showing that there is some gas in the 
tube which is different from ordinary air. T'he red solid, tlu'n'- 

I “We cannot be certain,” wrote Lavoisier in 1789, “that what wo think 
if ck is^indeed simple ; aU we maysay is, that such or such a suh- 

staaee is the actiml term at which chemical analysis has arrived, and tliat with 
otiT present knowledge we are unable to subdivide farther.” 
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fore^ has been broken up by heat into a shining liquid (mercury) 
and an invisible gas, which we shall get to know later as oxygen. 
On allowing the tube to cool dow3i, it is found that the remain- 
ing oxide of mercury has exactly the same properties as at the 
beginning of the experiment, although, of course, there is now 
less of it. Since no other substances besides mercury and oxygen 
are obtained from the red oxide of mercury, it is concluded that 
this substance is a compound of mercury and oxygen. 

Based on the clear-sighted views of Boyle and as the result 
of numerous experimental investigations, chemists have reached 
the following classification of the different kinds of matter which 
we recognise^ as making up our external universe : 

I. Heterogeneous Matter or Heterogeneous Mixtures. 

II. Homogeneous Matter. 

(1) Homogeneous Mixtures or Solutions. 

(2) (Pure) Substances. 

(a) Elements. 

(b) Compounds. 

Since both homogeneous mixtures and compounds can be 
broken up or separated into two or more different substances, 
the question arises : Plow can one distinguish between them ? 
Various criteria can be applied. 

1. A homogeneous mixture can be separated, more or less 
completely, into its constituents by taking advantage of their 
different physical properties, e.g, density, solubility, volatility, 
magnetic properties, etc. In the case of a compound, this 
cannot be done. 

Thus, a mixture of hydrogen and oxygen can be separated to 
a greater or less extent by shaking with water, because oxygen 
is more soluble than hydrogen. If, however, the mixture of 
hydrogen and oxygen is heated above a certain temperature, a 
flash of light is seen, heat is evolved, and, in place of the gaseous 
mixture, we obtain liquid water. The properties of hydrogen 
and oxygen have entirely disappeared and a new substance with 
its own speciflc properties has made its appearance. The 
hydrogen and oxygen have combined to form the compound water. 

Further, a solution of salt in water or of alcohol in M^ater can, 
as we have already learned, be separated into its constituents 
by distillation owing to a difference in the volatility of the 
constituents. 

2. The composition of a mixture may vary continuously^ but 
a compound always has a definite and constant composition. 
Thus, varying amounts of salt can be dissolved in water, and as 
the amount of salt is varied the composition and the properties 
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of the solution, e,g\ the density, vary coniiuuously. The 
properties of a solution, therefore, depeiul on t he coiu{)<>sil ion. 
In the case of a coin])ound, the c*onij)osi1 ion is fix('d and t.lu' 
specific properties are constant und('r givcai <»\i<'riial <*on<Utions 3 
say of temperature and pressure. 

Although the application of the ai)ov(' criteria, will (uiable oiui 
to distinguish, in most cases, between a, homogy'rH'ous mixture 
and a compound, it must he boriu* in mind that fraapamily no 
single test will be adequate. 

The CiiEMiCAn hh.KiviKNTs 

Although it was Boyle who first laid the foundatioji on whieh 
a true science of chemistry might he built, a. hundred and t.wcmty 
years had to elapse heibre the teachings of th(‘ Sceptical 
Chymist were generally recognised and acce[)t(al by chemists ; 
and it was only after Lavoisier had given th(‘ tr*ue (explanation 
of combustion and had, in liis Traite clhncMmre de ehlmie (1789), 
reiterated more clca.i*ly Boyle^s t(xiching that l.h(' ohjt'ct of 
chemistry is to decompose the difimuit natural bodi(\s and 
... to examine separately the different substanec^s \vhieh (mten* 
into their combination,^’ fcha.t the work of analysing, ordtnang 
and classifying the different kinds of matter Ix'cnnie om^ of 
main preoccupations of chemists. Ev<a' since thattiau^ this work 
has been gomg on, and it now appears, so far as our pr(‘S(Mit day 
knowledge warrants a judgment, almost i.o hav<^ nxiclual fmalily. 

The new life inspired into the science by Lavoisica* hal to ut» 
increasingly acl.ive investigation of ditfexamt mat.ca'iuls, n.nd th(‘ 
number of substances recognised as (Scutum ts rapidly gr(‘W as 
the xxxcthods and technique of analysis wen^ improveal and ns 
new and more jxowcrful agents of decomposition discoveixah 
Thus, the docoix^posing action of the ehai.ric current, ih(» appli * 
cation of which was nuule possible by the invemtion of the 
voltaic cell, led, in the hands of numpln’'y Davy, to the isolation, 
in 1807, of potassium, sodium, calcium, strontium and Ixarium ; 
and the introductioxx of spectroscopic analysis, in 1800, and of 
the modern methods of X-ray spc'ctroscopy, have led to flu‘ 
discovery of a number of rare (dements which otherwise might 
have remained unknown. Txi 1800, the number of known ele- 
ments was S8 ; m 1830, it was 54 ; in 1860, it was 56 ; in 1900, 
it was 73 ; and at the present tixxie it is 90. 17118 number, 

however, does not include all the wSo-called radio (dememts ” 
which are continuously undergoing a pro(x\ss of spontamaxus 
disintegration and which lead a more or less transitory life. A 
list of the elements is given in the following table. 
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liiST OF THE Elements (1929) 


Atomic 


Atomic 

iminbei 

Symbol 

■weight 

1. Hydrogen 

. H 

1*008 

2. Helium 

. He 

4*00 

3. Lithium - 

. Li 

6-94 

4. Beryllium 

. Be 

9*02 

5- Boron 

. B 

10*83 

6. Carbon 

. C 

12 004 

7. Nitrogen 

. N 

14-008 

8, Oxygen . 

. O 

16 00 

9. Fluorine 

P 

19 00 

10. Neon . 

No 

20-18 

11. Sodium . 

. Na 

23 00 

12. Magnesium 

Mg 

24-30 

13. Aluminium 

Ai 

26 97 

14, Silicon 

Si 

28 1 

15. Phosphorus . 

. P 

30 98 

16. Sulphur 

- S 

32 06 

17. Chlorine 

. Cl 

35-46 

18. Argon 

. A 

39*94 

19. Potassium 

. K 

39*10 

20. Calcium . 

. Ca 

40*09 

21. Scandium 

. Sc 

45-1 

22. Titanium 

1 1 

47-90 

23. Vanadium 

. V 

50-95 

24. Chromium 

. Gr 

52-04 

25. Manganese 

. Mn 

54*95 

26. Iron . 

. Fe 

55 84 

27. Cobalt . . 

. Co 

58*95 

28. Nickel 

. Ni 

68-69 

29. Copper 

. Cu 

63-55 

30. Zinc . 

. Zn 

65-38 

31. Gallium . 

. Ga 

69*72 

32- Germanium 

Ge 

72-60 

33. Arsenic . 

As 

74*93 

34. Selenium 

Se 

79-2 

35. Bromine . 

. Br 

79-92 

36. Krypton 

Kr 

82-9 

37. Rubidium 

. Rb 

85-4 

38. Strontium 

. Sr 

87*63 

39. Yttrium , 

Yt 

88*93 

40. Zirconium 

. Zr 

91-2 

41. Niobium 

Nb 

93-3 

42. Molybdenum 

. Mo 

96 0 

43. Masurium 

. Ma 

— 

44. Ruthenium - 

Ru 

101 7 

45- Rhodium 

. Rh 

102-9 

46. Palladium 

. Pd 

106-7 


Atomic 

niirftber 

Symbol 

Atomic 

weight 

47. Sliver 

. Ag 

107-88 

48. Cadmium 

. Cd 

112-40 

49. Indium . 

- In 

114*8 

50. Tin . . - 

. Sn 

118*7 

51. Antimony 

Sb 

121*76 

52. Tellurium 

. Te 

127*5 

53- Iodine 

. I 

126*93 

54. Xenon 

Xe 

130*2 

55. Caesium 

Cs 

132*81 

56. Barium 

Ba 

137*36 

57. Lanthanum 

. La 

138 9 

58. Cerium 

. Ce 

140 2 

59. Piaseodymium 

. Pr 

140 9 

60. Neodymium 

. Nd 

144-3 

61 Illinium . 

. n 

— 

62. Samarium 

. Sa 

150-4 

63. Europium 

. Eu 

152 0 

64. Gadolinium . 

. Gd 

157 0 

65. Terbium . 

Tb 

159 2 

66. Dysprosium . 

- By 

162-5 

67. Holmium 

. Ho 

163*5 

68. Erbium . 

, Er 

167 6 

69. Thulium 

. Tm 

169 4 

70. Ytterbium . 

. Yb 

173*0 

71. Lutecium 

- Lu 

175-0 

72. Hafnium 

. HI 

178 6 

73. Tantalum 

Ta 

181-3 

74. Tungsten 

. W 

184-1 

75. Rhenium 

. Re 

— 

76. Osmium 

. Os 

191-0 

77. Iridium 

. Ir 

193-0 

78. Platinum 

. Pt 

195-2 

79. Gold . . . 

. Au 

197-2 

80. Mercury 

. Hg 

200 6 

81. Thallium 

T1 

204-0 

82. Lead . 

. Pb 

207 2 

83. Bismuth . 

. Bi 

209-0 

84. Polonium 

. Po 

— 

85. — 

— 

— 

86. Niton ^ 

. Nt 

222 0 

87. 

— 

— 

88. Radium . 

. Ra 

225-95 

89. Actinium 

. Ac 

— 

90. Thorium . - - 

. Th 

232-15 

91. Protoactimum 

. Pa 

— 

92. Uranium 

. U 

238-2 


As the result of a -very large amount of labour and experi- 
mental investigation^ chemists have not succeeded in reducing 
the number of the elements to less than 90. From these ele- 
ments ^ all the different substances, approaching half a million 
in number, which are found in nature or which can be prepared 

^ Also called Radon (Rn). 
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in the laboratory, ai’C built up ; and they repnvscnit tlie limit, of 
simplification so far reached by the chemist, in his attcmipt to 
classify the materials of tlie univorse. inucli gn'uhn* 

simplification which has been achieved in recam t ycau's by tfie 
physicist, will be discussed at a later point. 

Of the elements mentioned in the fabh\ many liavc^ ()('en 
obtained only in very small ainounls ; and analysis has sliown 
that 99 per cent, of terrestrial mat bn* is mad<‘ up of about 
twelve elements, some of which occur in th(‘ (‘hmumtary state', 
but most of them in the form of compounds. 


CjIIiMICAL (V)JVn*()SrT 10 N OF at'JKRRSTRIAU MAT'riOi 

(I^]artij, Air and Sjfa) 




J'(n' 



Pt'J* (Tilt/. 

Oxygon 


. 50*02 

I^itaHHJum . 


. . . , 2*28 

Silicon . 


. . 25*80 

MagnoHiurn 


. . . . 2-08 

Aluminium 


. . 7*20 

Ifydrogon . 


. . . . o-iir/ 

Iron 


. 4*18 

^C’itanium . 


. . . . 0*42 

Calcium 


2*22 

( Idoriuo 


. . . . 0*20 

Sodium. 

. . . 

. . 2*2(i 

( ^arboii 


. . . . 0*18 






00*00 

From tlu' 

mimbei 

•s in this tabh' wo h'arn 

lliat. tl 

H' 1 WO ('l('m('nl.s, 

oxygen and 

sili(!on, 

in the free' 

or in th('. 

combi 

iH'd slat(', eon* 


stitute together throc-(|ua.rhers of the whoh' of t(*rrestrinl mnttc'r, 
by weight, so far as this is accessible to dlrc'ct investigation. 

If one considers the composition nu'rely of tin' cairilfs crust 
accessible to investigation, the' average values (to not giaaitly 
differ from those given above. 


Avioha(U^ (Composition of tow Kartu'h (‘rust 
Per cent.. | 


Oxygon 4 (p4,*5 

Silicon 27*77 

Aluminium 8*14 

Iron r>*12 

(^alciurn 2 '(JR 

Sodium :2*85 


Per cent. 


l^iiaHHiurn 

. 2*(K) 

JVlaguoHiuni .... 
'ritaniuni 

, 2*()0 

. 0*(i20 

PhonphoruH , .... 

. (M 20 

Hydrogem 

. , (M27 

ManganoHD . . . . . 

. . 0*000 


004H2 


The numbers givc^n in the above tal)les, it must bc' remembered, 
in so far as they refer to the ?rolid earth, represent the composition 
only of the crust of tlie earth ; a comj)aratively thin skin of 
about ten miles in thickness. Since this is only a small fraction 
(one per cent, or so) of the total globe, it is clear that it would 



THE DAWN OF CHEMISTRY 


47 


be very unwise to regard the numbers given in the above table 
as representing the composition of the earth as a whole. There 
is, indeed, much evidence to show that the composition of the 
interior of the earth is very different from that of the tbin crust, 
which is all that has so far been subjected to a chemical analysis. 
Thus it is found that while the average density of the crust is 
2-79, the average density of the earth as a whole is 5-52 ; and it 
is therefore clear that towards the centre of the earth, the 
heavier elements must be present in greater abundance than in 
the crust. From the investigation of the compressibility of 
rocks and from a study of seismological, magnetic and other 
data, the conclusion has been drawn that beneath the crust of 
the earth, which is essentially granitic or basaltic in composition, 
there occur zones diminishingly rich in silicates and increasingly 
rich in iron, and that there is, lastly, a core consisting essentially 
of iron and nickel. On the basis of these studies, moreover, 
H. S. Washington, of the Geo-physical Laboratory, Washington, 
D.C., has made the following calculation of the total com- 
position of the earth : 

Total Comtosition of the Earth 


Per cent Per cent. 

Iron 39 76 Sodium. . . . . 0*39 

Oxygen .... . 27*71 Cobalt 0-23 

Silicon . . . . . . 14 53 Chromium . . ... 0*20 

Magnesium ... . 8*69 Potassium . .... 0*14 

Nickel 3-16 Phosphorus 0*11 

Calcium 2 52 Manganese , . . 0*07 

Aluminium . . 1*79 Carbon . . ... 0*04 

Sulphur 0 64 Titanium . . ... 0-02 


It is very noteworthy that the spectroscopic analysis of the 
sun'^s atmosphere has given results which show that there is a 
remarkable correspondence between its composition and that 
of the earth as a whole ; a striking testimony to the kinship of 
the earth with the sun, from which, also, conclusions may be 
drawn regarding the history and evolution of the earth. Spectro- 
scopic analysis, ^moreover, has not revealed the presence in the 
sun or stars of any element not known on the earth, and we may 
therefore assume an essential similarity between the composition 
of the earth, the sun and the stars. 

Classification and General Characteristics of the Elements. 
— ^In studying the properties of the elements and of the com- 
pounds which they form, it is usual to classify the elements into 
the two groups, the petals and the non-metals. Although it is 
not possible, at this stage, to discus^ fully* the distinctive pro- 
perties of these two classes of elements, it may be said that 
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under the ordinary conditions of temperature^ and pre'ssure^, 
the metals, e.g. i^old, silver, copjxa*, ii-ou, (d.e,, are' solids, the' 
only exception being mercury, which is a, liepiiei. Medals, alse), 
are characterised by being relatively goexi coneluctors of he'ut 
and electricity, by showing, when in a. <‘e>]i<'r(*nt slate, medallic 
histre, and by being relatively malleable' arid du cl.ilc'. 

Of the non-metallic elements, it is fourul lhal,, uriele'r e)J*dinary 
conditions, some are solid sulphur, phosphorus, <‘arbe)n), 

one is liquid (bromine), and a, numbea* are' gase*s ((*g* oxvgem, 
nitrogen, hydrogen). 



CHAPTBR IV 

THE FUNDAMENTAL LAWS OF CHEMISTRY 

Ti-ik century and a lialf which followed the publication of Phe 
Sceptical Chymist was one of great expansion and of notable 
achievement in the study and advancement of chemistry. 
Inspired, doubtless, by the teaching of Boyle and with minds 
freed from the vain dreams of the alchemists and the restrictive 
outlook of Paracelsian philosophy, men devoted themselves, 
in ever-increasing numbers, to the study of chemistry with the 
sole motive of discovering the truths of nature and of extending 
the bounds of knowledge concerning the material universe. 
Thus, the eighteenth century saw the birth and rapid expansion 
of pneumatic chemistry,*” oi" the chemistry of gases, and many 
new gases were prepared and their properties investigated, 
more especially by Scheele in Sweden and by Priestley in England. 
Unfortunately, however, chemistry was dominated, during a 
large part of the century, by an erroneous interpretation of the 
phenomena of combustion and of other chemical processes ; 
and although, doubtless, experimental research was stimulated 
and very great additions were made to the store of experimentally 
determined knowledge, the development of chemistry, on its 
theoretical side, was retarded. Boyle, it is true, had raised 
chemistry to the rank of a science, but it was not till towards 
the end of the eighteenth and the beginning of the nineteenth 
century that it became an exact science. Until then, the 
isolated facts of chemistry were not linked together by quanti- 
tative laws, nor were its laws interpreted by exact and definite 
theory capable of quantitative expression. 

During the later decades of the eighteenth century the 
methods ' and technique of analysis — both qualitative and 
quantitative — were greatly extended and improved, more 
especially by the Swedish chemist and mineralogist, Torbern 
Olof Bergman (1735— 1784) ; and the quantitative study of 
chemical processes and transformations, recognition of the im- 
portance of which is one of the most characteristic features of the 
century, was greatly developed. Although Black (1728—1799), 
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Cavendish (1731-1810) and BergnuiTi find all inadt^ us(^ of tfa^ 
balance in the study of chemical [)rocess(\s, it is to tlu' hrilllaut 
French chemist, Lavoisikb., that is due th(^ credit of inaug'uniting 
a new epoch — the quantitative (q)ocli in cluanisti’y, 

Antoine Laiteknt Lavotsieb, a, native' of Paris, was born in 
1743 and showed at a,n ('arly age gn'ah inh'H'st iti and aptitude 
for scientific investigation ; a,nd altliough, as a young man, he 



Antoine LAirarcNT Lavoihuch. 


pursued the study of hiw and (pialified as an advocate, it was 
to the cultivation and advancement of science, and mon^ especially 
of chemistry, that his life was devoted. By far tiie most brilliant 
chemist of the eighteenth century, Lavoisier, although not 
always scrupulous in acknowledging his iruleht('dnoss to others, 
made many contributions of the greatest Importance to chemistry, 
both pure and applied. lie showed, for example, that organic 
substances such as alcohol, oil and wax, are compounds con* 
taining the element carbon, and that the diamond is pure* carbon ; 
as a member of various Commissions he wrote reports on agri * 
culture and mining, on saltpetre productiou and on other sub- 


THE FUNDAMENTAL LAWS OF CHEMISTBY 


51 


jects, and he improved the manufacture of French gunpowder to 
such a degree that it became the best in Europe, As a con- 
sequence of this, it may perhaps be justly claimed that the 
American colonists, who were supplied with this powder during 
the War of Independence, owed to the chemist Lavoisier a debt 
no less real and no less great than that which they owed to his 
compatriot, the soldier Lafayette. 

It is, however, with the overthrow of the phlogiston theory 
of combustion,, the story of which will be told later, that the 
name of Lavoisier is most distinctively and most honourably 
connected ; and in this great work, the completion of which 
marks the beginning of a new era in chemistry, LavoisieEs 
success was due mainly to his recognition of the supreme im- 
portance of studying chemical processes quantitatively, and to 
his adoption of the, balance as an essential aid in the interpre- 
tation of the course of chemical action. To this, also, we owe 
the enunciation and verification by Lavoisier, in 1785, of the 
law of the indestructibility of matfer or the conservation of mass. 

In 1768, Lavoisier became a /member of the Ferme Generale^ 
a financial syndicate which, in return for an annual contribution 
to the royal treasury, had the right, under royal charter, of 
controlling the leases of royal domains and of collecting indirect 
taxes, customs and revenues. His membership of the syndicate 
brought him wealth which he freely spent in the advancement of 
science, but it cost him, at the last, his life. Denounced by 
Marat, Lavoisier was brought to trial, along with other members 
of the Ferme Generale^ on the trumped-up and trivial charge of 
acting contrary to the common weal and of adulterating the 
tobacco of the people, and was condemned to death. One 
voice, only, was raised in protest, that of the chemist Loysel, 
who pleaded in his favour the great scientific services which 
Lavoisier had rendered to the State ; but the only reply he 
received was that of Cofllnhal, the President of the tribunal. 
La Republique n^a pas besom de savants. The sentence of death 
was carried out on May 8, 1794. 

The victim of a political and social revolution, Lavoisier was 
the author of a chemical revolution. By replacing the phlogiston 
theory by one which, as Black wrote, is simpler, easier and ' 
better sustained by facts,^’’ Lavoisier gave to the study of 
chemistry a new life and a wider outlook, and, in association 
with Guyton de Morveau, Fourcroy and Berthollet, he gave it 
also a new language in which to express itself. In the chemical 
revolution inaugurated and inspired by Lavoisier, modern 
scientific chemistry, based on the law of the conservation of 
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mass and on a qua,ntitativo study oT elKMuioal |)roc<‘ss(‘s, was 
bom. 

Law of the Conservation of Mass.- Lavoisic^r ^vns not Ihc^ 
Hrst to hold or to state the view that niati.<'r is ind(‘sl ruetibl(\ 
for this was a dogma of aneieut (ireek philosopliy ; and 
Democritus, more than 2000 yea,rs ago, laughl. I hat it is not 
possible for anything to arise out of uofliitig or t,<) pass into 
nothingness. Many others lield th(' saim^ vic'W and r<‘st.ah'd 
the law, which they regarded as a.xiomal,ic. During tln^ Middle 
Ages, liowevciy the o[)posit(' view was also ludd, and, imUaal, 
seemed a most natural one at a tim(‘ wlum llu^ matxnnal naturi' 
of gases wa,s xiot fully realised. Th(‘ burning of a. wood log or 
of a candle was surely evi<lence enougii that maltm* is <l(‘slroy<'d 
ill the pi'ocess of combustion. Thv assumption could sub^ 
jeeted to the test of experiment, how(^v('r, only a(‘t(n* Nhnvton had 
made it clear in Iiis Princqmi (lOHG), that tlu^ vvcnghls of bodii^s 
towaixls any the same planet at (‘(pial distance's from tin' (a'ntrt' 
of the planel, arc proportional to tlu' ((unn1 itie'S of malU'r which 
they severally contain,*’'* and wheni it was n'cognise'd, that as 
regards matter, weiglxt and n'ality are' <‘orrt\si)ondent 
(Boerhaave, 1727). Tfio trutli or falsity of tin' vienv could 
thereafter be put to tlie t<‘st of the balance'. 

The law of the indestructibility of imdte'r, oi\ as it is ine)r(' 
properly called, the law of conservntiein e>f mass, was arrived 
at by Lavoisier deductively rather tlmu inelueti ve'ly. Lavehsie'r 
assumed tlirocighout all his work that matte'r is nenthen* cre'ate'd 
nor destroyeKl in chemical change, anel sint'o tlie conclusieiu to 
be drawn from this, namely, that, tlu' total we'ight or mass before 
and after a chemical reaetion must rennain unnlte'reet was 
verified by his experiments, he enunciated the' law in tlu' following 
words : Nothing is createid, either in the ope'rations of art or 

in those of nature, and it may he conside're'el as a gem'ral principle 
that in every operation there exists an ee|ual epuuiiily of maiit'r 
before and after the operation ; that the epiality and the <(uantity 
of the constituents is the same, and that what happe'ns is only 
changes, modifications.*’'’ 

In one of the experiments which T.avoisier carried out, tin 
was heated in a closed flask filled with air until the' nu'tal was 
converted into its calx (oxicle). The flask with its contc'nts was 
weighed before and after the heating, a.nd it was found that 
there was a slight loss of weight amounting to from 0-27 to TO 
grain. This difference in weight was attributc'd by Lavoisier 
to experimental error. 

The determinations of Imvoisier wort', according to prc'sc'nt 
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day standards, rather coarse and inaccurate, and changes of 
weight of less than about 0-2 per cent, could not be detected. 
Experiments of a, very liigh degree of accuracy, however, were 
carried out, in 1908, by H. Landolt (1831-1910), Professor of 
Physical Chemistry in the University of Berlin, and, in 1912, 
by J. J. Manley, of Magdalen College, Oxford. The reacting 
substances, in solution, were introduced through the side-tubes, 
ti and ifo? the two limbs of the reaction vessel (Fig. 4), the 
side-tubes being then hermetically sealed. After the vessel 
and its contents had been carefully weighed, the two solutions 


were mixed ; and after the reaction 
had taken place, the vessel was again 
weighed. As a result of these deter- 
minations, it was shown that if a 
change of weight occurs in a chemical 
reaction, that change does not exceed 
one part in one hundred million. 
With this degree of accuracy, at least, 
the law of conservation of mass is 
valid. Restating the law, therefore, 
with this limitation in mind, we may 
say : In no case is the7'e any change 
in the total mass of the substances 
taking part in a chemical reaction ; 
the total mass of the substances under- 



Fig. 4. — Manley’s reaction 
vessel. 


goifig change is equal to the total mass of the substances produced. 


On this law is based the whole edifice of quantitative chemistry. 


Dalton’s Atomic Theory and the Laws of Chemistry. — 


During the latter part of the eighteenth century, as has been* 
pointed out, increasing attention was given to the quantitative 
study of chemical processes, and a considerable number of 
facts relating to the quantitative relations of chemical com- 
bination were accumulated. At the beginning of the nineteenth 
century, therefore, the time was fully ripe for the enunciation 
of a theory, based on definite conceptions regarding the consti- 
tution of matter, by which the experimental results might be 
co-ordinated and interpreted. 

The general hypothesis of the atomic constitution of matter, 
we have seen, was put forward by the Epicurean philosophers 
of ancient Greece, and was expounded by the Roman poet, 
Lucretius. Owing to the long-continued intellectual dominance 
of the philosophy of Aristotle, however, the atomistic hypothesis 
fell into an oblivion from which it was rescued in the sixteenth 


century by the physicist Gassendi. In the following century. 
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the hypothesis rceeivod the powerful support of Ninvtou whose 
views i-egarding the xuiture of tiie atoms weu'e^ expre'sse'd iu the 
words : ‘‘‘‘It seems probable to me' that (ioeh in th(‘ l)egiutiiug, 
formed matter in solid, massy, ha-rd, im[)eiHd.ra,l)les moveable 
particles, of such sizes and figure's, 4Uid with such other pro- 
perties, and in such proportion to space', as most eotidueed tc 
the end for which he forme'd them ; atiel tluit t hose' [)rimitivo 
particles, being solids, 4ire incomf)4iral)ly luireh'r llaiu 4iny porous 
bodies compounded of them ; e've'u so ve'ry hard as iie've'r to 
wear or break in pieces; no ordinary [)ow('r be'iug Jihle* to 
divide what God himself nuule one in the' first ere'ation.*’’’ 

The general hypotlu'sis of the 4ite)mie constitution of nmiter, 
however, as expounded by Luere'tius or as aeea'pted by Neuvtou, 
remained little more tlnin an interevsting spe'cnla tion. It had 
no I'eal value in science and ha,d no intlne'nee' on the* progre'ss of 
chemistry, for it was not possible* ('ither to te'st. de'duetions from 
the hypothesis by means of (‘Xperiment or to use^ it in the inteu'- 
pretation of the laws of chemistry. Not. until tin* fuadeuuental 
hypothesis had been developed in suc'h a way that eleductions 
from it could be put to the test of experinu'nt. and that the^ 
observed phenomena and the laws ofefie'mieal combination could 
be quantitatively exj)lained or co-orehnate'd, coulel the* hypothesivS 
of the atomic constitution of matte'r be'conu* of any real vahm 
in science.' TJiis development of the* hyf)othesis we* owe* to the' 
Manclicster selioohnaster, fJohn Dnltorn 

John Dalton, the se)Ti of a Inind loom we'uve'r, was born afc 
Eaglesfield, in Cumberland, in 1766. A hoy e'vidently of 
unusual ability, he opened a school in his natives village and 
began to teach at the eige of twelve. In 1796 he* obtained a post 
as teacher of mathematics, natural philosophy and chemistry 
at the Manchester Now College, a se'hool at which, he*fore its 
removal from Warrington to Manchester, Pric'Stle'y also had 
been a teacher. His spare time was spent in the* laboratory and 
in meditation on the properties of matter, and in order that 
might have greater leisure for the pursuit of his scientific work, 
he resigned his teaching post in 1799 and became a private 
tutor. The atomic theory, on which his fame mainly rests, was 
made public in 1807. A man of cpiiet, retiring and modest 
character, Dalton found his greatest satisfaction in tins pursuit 
of scientific truth. With his achievements and mum' recognised 
and honoured both at home and abroad, Dalton died in Man- 
chester in 1844. 
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Accepting the thesis of Newton that gases are composed of 
small and mutually repellent particles or atoms of matter, 
Dalton, it is believed, built up his theory not inductively from a 
consideration of and grouping together of related phenomena, 
but deductively on the basis of the following postulates : 

1. The atoms of matter, which are indivisible, eternal and 
indestructible, differ in their nature. 



John Dalton. 

Reproduced from the portrait by Faulkenor 
by permission of the Royal Society. 


2. In the case of any particular element the atoms are all 

alike in their, properties and have, more especially, the 
same mass ; but they differ in their properties from the 
atoms of other elements. 

3 . Compounds are formed by the combination of atoms of 

different kinds. 

What deductions, then, can be drawn from these postulates ? 

Since the atoms are assumed to be eternal and indestructible, 
it follows that matter, which is made up of atoms, is also in- 
destructible ; and since the amount of matter is determined by 
weight or mass, we reach the conclusion that there can be no 
change of weight or mass in any chemical transformation. This 
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is tlie law of ccm. nervation of wlu(‘li, as w<‘ ha\(' h^arainl, has 
been verified experiaieiitally with aai aiaairaey of oih' part in 
one hundred million. 

Law of Constant Composition. - From ( la^ posiulati^sorDalfon 
it may further be deduced that, sinc(' eompoumls nro fbnmal by 
the combination of atoms, the natun^ aiid proptadies of tlie com- 
pound must depend on the number and kintl of the atoms pre- 
sent. In other words, the com[)ositioii of a. compound must be 
definite and constant. This is tli<‘ /arc of eofontant composUkm. 

During the closing yc^ars of the eigld(‘eu{h and opening 
years of the nineteenth century, ({uiie a, (‘onsi<l<‘ralde a.nd inten^st- 
ing controversy arose round tlu^ ([ueshion \vb(‘thca' tJa*. composition 
of a compound is or is not constant and dcditriU'. Claudk I.otns 
Bkrthollkt (1748-1822), one of tla^ most (unimmi and honoured 
chemists of his day and a c<)m[)anion of Napoleon on his ('xpedi- 
tion to Egypt in 1799,* drew, from liis (‘Xi)(‘rim(;nts, ih<' (‘rroiuuius 
conclusion that the composition of a compound may vary ; but 
this conclusion was hotly conhxstcul by anolluT French cluuuist, 
Joseph Louis Piioust (1755-1826), at that tinu* Ih’ofessor of 
Chemistry at Madrid, who, l)y a large* mimb(*r ofaccuraU* analyses, 
showed that the com[)osition of a compound is constant and 
definite, no matter how or wIhut pr<‘pa,rcd. ''FIk* cinnabar of 
Japan has the same composition n,s tin* cinnabar of Almadtm; 

. . in all the, known parts of the world yon will not find two 
muriates of soda [common salt] . . . differing from (‘uch oUier.’’'* 

Even as late as 1860, however, tlie sugg(\sii<)n coniirnu'd to 
he made that the comjiosition of a compound might vary within 
very small limits, but the celebrated Belgian chemist, Juan 
Servais Stas (1818-1891), prepared silver cldoruh^ in four 
different ways and showed that if diflerenei^s In composition 
exist, these must bo less than the (‘rror of expmimmvt, or Im 
than 0*004 per cent. Many other aaalys(\s by Htas and by others 
have served to verify, with all the accuracy at presimi attainable, 
the law of definite and constant proportions which was first 
arrived at deductively and with which the assumptions of tlw 
atomic theory are in harmony.- 

Law of Multiple Proportions. Although It is tnii* that, 
as Jean Rey wrote in 1630, nature has sej limits which she docs 
not overstep,^*’ this must not be intcr[)n‘ted as nunining that 
nature has set only one limit to the proportions in whicli two 

^ Of Borthollot, Sir Humphry Davy wrote ; Borthollofc wan a most arniabli 
man ; when tho friond of Napoleofi‘ ovoii, alwayn good, ooiwiliatory and modest, 
frank and candid. Ho had no airs and many graces.” 

® As will be discussed later, this statement now rc(|uires some qualiilcation, iu 
view of the existence of isotopes. 
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elements may combine to form a compound. It was quite well 
known to Proust and others that elements may unite with one 
another in more than one proportion, to form two or more 
compounds, each of which has a definite composition. Thus, 
the metal tin can combine with the element oxygen so as to form 
two compounds. In one of these, there is 11*9 per cent, of 
oxygen, and in the other, 21-2 per cent. No compound of 
intermediate composition is known. Other cases of a similar 
character were also found, but Dalton was the first to discover 
a simple definite relation between the different proportions in 
which the elements combine ; and to the making of this dis- 
covery, he was guided by his atomic theory. Since the funda- 
mental assumption of the atomic theory is that atoms are 
indivisible, it follows that combination can take place only 
between whole numbers of atoms. That is to say, when two 
elements A and B combine to form compounds containing 
different proportions of A and B, the compounds so formed must 
be represented by A+B, A+^B, 2A-f-B, 2A+3B, etc. In 
other words, when 07ie substance combines with another substance 
in more than one proportion^ these different proportions staiid to 
one another in the ratio of integral^ and generally small^ numbers. 
This is the law of multiple proportions — the second fundamental 
law of chemical combination. 

Dalton was led to the discovery of this law from a considera- 
tion, in the first place, of the proportions in which carbon and 
hydrogen combine to form the compounds methane or marsh 
gas and ethylene. Expressing the composition of these two 
gases in terms of our present knowledge, it is found that in the 
case of marsh gas 12 parts by weight of carbon are combined 
with 4 parts by weight of hydrogen ; whereas, in the case of 
ethylene, 12 parts of carbon are combined with 2 parts of 
hydrogen. The amount of hydrogen combined Avith a given 
amount of carbon is twice as great in the case of marsh gas as 
it is in the case of ethylene. 

A still more striking illustration of the law of multiple pro- 
portions is found in the series of compounds which are formed 
by the combination of nitrogen and oxygen, to which reference 
will be made later. 

According to the theory of Dalton, as we have learned, the 
atoms of the elements have a definite mass, and it was the intro- 
duction of this quantitative factor into the hypothesis 6f the 
atomic constitution of matter which made the atomic theory 
the foundation stone of physical science during the nineteenth 
century. Although it is possible, on the basis of the experi- 
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mental investigations of the present c(mtur\% to <*ak*ula.te the 
absolute masses of atoms, it is not with al)solute masse? 

but with the relative masses of l-h(‘ atoms I, hat ehcanistry k 
concerned. These relative masses or ndaiivc^ W(‘ights of the 
atoms can be determined by meMiods which will b<^ discussed a+ 
a later point, and such doterininations cousi.iluie one of the 
greatest achievements of sdetice, following in the train ofDaltotf? 
atomic theory. These re]ativ<‘ vvaaghts art' what are called the 
ato777ie weigliU^ of the elements, and their vahi(\s nn^ given in 
the table on p. 45, Since these a,tomic weights ar<^ only relative 
weights, wc can select any element wc^ please avS standard and 
put its atomic weight equal to unity or to any otlu'r number. 
For long, atomic weights were refenaHl to the fitomic weight of 
hydrogen which was put eqxial to tinity, but, by international 
agreement, oxygen is now taken as th(^ xa'h'nmee ehnuent and 
its atomic weight put equal to IG-OO, On this scah', llie atomic 
weight of hydrogen is 1 *008. 

At fhst, Dalton made no dLstinciion bed. ween thc^ smallest 
])article of an element and the smallest particle of a, compound. 
Both were called atoms. It is clear, Jiowev(‘i% tlmt this must 
cause difficulty, because altliough the atoxn of an element may 
be regarded a,s indivisible, the atom of a compound must be 
capable of being split u[) into smaller particles, nnnudy, the 
atoms of the component elements. A new nanu^ was tluamfore 
introduced by the Italian physicist, Ammdko Avoc^Amio (1776-“ 
1856), Professor of Physics at Turin, who called the', smallest 
particle of a compound a 7nolecuh\ We have, then, the dehnition 
that an atom is the smallest particle of an dement which can 
enter into the composition of a molecule, or whkdi can take part 
in chemical exchange. It is, so to speak, the smallest coin in 
chemical currency. A molecule^ on the other Jiand, is the smaUeM 
particle of a suhstdiice^ elementary or compound^ which can emist 
in the free state. 

In some cases, in the case of argon and of lielium, for example, 
the atoms of an element can exist in the free state ; and the 
atom and molecule, therefore, mean the same thing. In many 
cases, however, the free atoms of an element combine together 
to form aggregates of like atoms, so that the molecule of the 
element, or the smallest particle of the element capable of free 
existence, may consist of two or three or eveti of four atoms 
combined together. 

The atomic theory of Dalton, modilied by the molecular 
postulates of Avogadro, was fotind to b('. in harmony with all 
the known facts. It co-ordinated and explained thc\se facts 
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and the laws of definite and multiple proportions ; and it 
guided the course of investigation in chemistry and physics 
during the nineteenth century. On the basis of Dalton's theory, 
the great and wonderful superstructure of modern chemistry 
was largely built up. Facts, however, began to be encountered 
which could not be explained by Dalton's theory, and although 
this theory may still, perhaps, sufiice for most practical purposes, 
it no longer gives a satisfactory picture of the constitution 
of matter. The atomic theory has not been discarded, but 
it has undergone, more especially during the present century, 
a remarkable evolution, the nature of which will be discussed 
in a later chapter. 

Symbols, Formulae and Equations. — From the earliest times, 
when the need or desire arose of recording the behaviour of 
substances, some form of symbolism or shorthand notation has 
been employed. Under the influence of Chaldean astrology, the 
belief arose that metals, the most important substances known 
in ancient times, owe their special properties to the planets, and 
the ancient astronomical signs for the planets were therefore used 
to denote the seven known metals, as shown in the following list : 


Metal. 

Planet. 

Sign. 

Metal. 

Planet. 

Sign. 

Gold 

Sun 

o 

Lead 

Saturn 

h 

Silver 

Moon 

> 

Tin 

Jupiter 

% 

Copper 

Venus 

9 

Quicksilver 

Mercury 


Iron 

Mars 

<5 





The early alchemists, 
under the influence of the 
mysticism and obscurantism 
of the Alexandrian epoch, 
used a symbolic and mystical 
language in which their 
descriptions of alchemical 
operations were “ wrapp'd 
in perplexed allegories." 

Metals were referred to not 
only by the names of the 
planets but also by the 
names of animals — ^the green 
dragon (mercury), the crow 
(lead or black sulphides), the 
red lion (cinnabar or gold), 
yellow scorpion (sulphur), 
etc. Chemical operations, also, were represented by allegorical 
pictures, such as a lion devouring the ,sun (Pig. 5), which 



Fig. 


5. — ^Allegorical representation of the 
solution of gold by aqua regia. 
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represented the solution of gold by aqua regia^ or a. snlaiuander 
being heated on a hre^ wJu(di repnsseidtal I lu^ purilicatiou of 
gold by lire. 

This fantastic a,ncl uiyshical allegorical syaibolisiu was doubt- 
less used by these early alchemists to gi\(' an air of w'Isdom and 
inystciy to their writings ; tliey were employee! not so much 
to reveal as to conceal thought, and to make' ihe writings un- 
intelligible to tlie uninitiated. 

By the later alchemists and by tlu'. clumiisis of the ('ightcHuith 
century, attempts were mad<‘ to <'x{,end th(‘ old astrological 
symbols and to make tluan moia^ systemai.ie. ddius the four 
elements of Aristotle were i‘e{)ia\sent(Hl by tlu^ symbols : 

A V A V 

Firo* VVator. Air, Fartlu 


Tlic acids, a-qua forth (nitric* acid) and atpat regia (mixture of 
nitric and hydrochloj*ie acids), vv(n*<‘ j*('j)r(\s(ml(al by tin* symbol 
for water combined, in tlui form of a monogram, wuth I he letters 
F and II respectively. Thus, 

Aijua fort IK. Aijua 


Sulphur, wliicdi burns and forms a,n n<‘id substaiuas was repre- 
sented by the symbol, ? which is a combination of the 

symbol for fire and the symbol for an acid, | , The* symbol, 
j- , a combination of the symbol for air and that for acid. 


and denoting, therefore, an acid obtained from air, was used to 
represent nitrous air or nitric oxide. 

Although the symbols just referred to formcal an intcdligible 
if somewhat too elaborate shorthand, a much fuller and more 
definite meaning could be given to the syml)ols only after the 
introduction of the atomic theory by Dalton, llie symbolic 
notation devised by Dalton was intexided to reprcissent not only 
definite proportions by weight of the elements, but also the 
qualitative and quantitative compositioxi of compounds. In 
Dalton’s system, elements were represented by circles carrying 
some distinctive max*k, and compounds were represented by 




This pictorial symbolism, although it was doubtless useful 
in the early days, was both crude and cumbersome ; and diffi- 
culties soon arose when it became necessary to find a distinctive 
mark for each element. Dalton, indeed, had to have recourse to 
the simple expedient, already used by others some years pre- 
viously, of labelling the circles by means of the initial letter of the 
name of the element, as in the case of iron and zinc. Obviously, 
however, it would be much simpler to leave out the circle 
altogether, and this was done, in 1811, by the distinguished 
Swedish chemist, ^IgEiiznmuSa to whom we owe the simple and con- 
venient system of notation universally in use at the present day. 


Jons Jakob Ber,zelius was born at Westerlosa, in Sweden, in 
1779, and after leaving school entered the University of Upsala 
as a student of medicine. Devoting himself to chemistry, in 
which he had, even at an early age, manifested great interest, 
Berzelius rapidly rose to a position of great distinction, and for 
many years occupied the Chair of Chemistry at the Medico- 
chirurgical Institute, Stockholm. A brilliant experimentalist, 
Berzelius greatly enriched the different departments of chemistry 
by the large number of important investigations which he carried 
out, and, more especially perhaps, by his determinations of 
atomic weights. By no means the least valuable contribution 
to chemistry which we owe to Berzelius is his system of chemical 
notation which he hoped — -justifiably, as the future proved — 
might facilitate the expression of chemical proportions, show 
briefly and clearly the number of elementary atoms in each 
compound and, after the determination of their relative weights, 
present the results of each analysis in a simple and easily retained 
manner. 



(52 rriE hpikit of (‘nFMisTRV 

TJirongli liis TeiTt-hooh of (>hemtfitnj ninl his <)ih(‘r writings, 
Borz:olius^ who was a, nuin of soimd atul <‘nutious scicaitific 
judgineat and oT grcait. lionosiv of <diaraci(M\ (‘\(‘rcis(‘d a very 
powerful itiiflxietiee on the dev"('1o|)uien{. ol* (‘luanisi rv in ihe early 
part of the nineteenth century- His gn'at s(‘rvie(\s io science 
were recognised l)y many h'ariu'd Soci<‘ti<‘s wlucdi bestowed 
their honours on him, and by his King, wlio (uinobhal him in 



J6ns tlAKoii Biutzioiairs. 


1818 and created him a Baron in 1835. A ftcu" a life of honour and 
great achievement, Ber^^eHus died in 1848* 

In the system of notation introduced by Bers^elius, which 
was nniversally adopted and is h\ use at tho prc^sent day, the 
initial letter of the name of the element is taken to represent the 
element, e.g, O for oxygen, N for nitrogen, IL lor hydrogen, etc* 
When the name of more than one cJonient begins with tiie same 
letter, a second letter is added as a distinguishing mark, e.g, 
C for carbon, Cl for chlorine, Cr for chromium, etc. In order to 
render the symbols internationally acceptable, Beri^eliua used 
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tlic Latin or latinised names of those elements which were known 
to the Ancients, and which had acquired different names in the 
different countries. Thus, antimony (Lat. stibiv/m) is repre- 
sented by Sb ; copper (cuprum) by Cu ; gold (aurum) by Au ; 
iron (ferrum) by Fe ; lead (plumbum) by Pb ; mercury 
(hydrargyrum) by Pig ; potassium (kaliicm) by K ; silver (argentum) 
by Ag ; sodium (^yiatriurri) by Na ; and tin (stannum) by Sn. 
These are the symbols which are shown in the table on p. 45. 

If these symbols were to be regarded merely as abbreviations 
of the names of the elements, their use would doubtless be a 
matter of convenience, but they would have no scientific interest 
or value. They are, however, much more than a convenient 
shorthand, like the contractions Mr. for Mister, Dr, for Doctor, 
or Wm. for William • they have also a quantitative meaning, 
for each symbol represents not only the name of the element but 
one atom or one atomic proportion by weight of the element. 
The symbol O, for example, stands for 16*00 parts by weight of 
oxygen, and H, similarly, for 1-008 parts by weight of hydrogen, 
these two numbers, 16-00 and 1-008, being the atomic weights 
of oxygen and hydrogen respectively. 

Atoms of oxygen and atoms of hydrogen, however, do not 
exist in the free state under ordinary conditions. There are 
grounds for believing that when the atoms of these elements are 
liberated from compounds, they combine in pairs to form mole- 
cules of oxygen and of hydrogen , the molecule being the smallest 
particle of a substance capable of existing in the free state. 
To represent the molecule of oxygen, therefore, one writes O 25 
the numeral which indicates the number of atoms in a molecule 
being written as a suffix below the line. The symbol repre- 
sents, then, one molecule or one molecular proportion (two 
atomic proportions) by weight of oxygen. In the case of phos- 
phorus, the molecule consists of four atoms, and its symbol is 
therefore, P 4 . 

Since a compound is regarded as being formed by the com- 
bination of atoms, one can conveniently represent the molecule 
of a compound by writing the symbols of tlxe constituent atoms 
side by side. Thus, NaCl represents a compound of sodium 
and chlorine, the molecule of which contains one atom of sodium 
and one atom of chlorine. But NaCl is the formula^ as it is 
called, of the compound sodium chloride, which is the chemical 
name for common salt. This formula, moreover, tells us that 
one molecular proportion of common salt contains one atomic 
proportion, or 23 parts, by weight of sodium, and one atomic 
1 One speaks of the symbol of an element and the formula of a compound. 
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proportion;, or 35*46 parts, by weiglit of cbloiiiu'. ()nc luoUi- 
cular proportion o£ sodiiiin. cbloridc, tbcicloic, iopi(^S(Hits 
58-46 parts by weight of the compound. In otlun* words, if 
the mass of the oxygen atom is represented by 16-()(), tlu^ mass 
of the molecule of sodium chloride is 58*46. '’The molecular 
weight of a compomid^ therefore, being ecpial to the siuu of the 
atomic weights of the elements forming it, is the 7ecight of a 
molecule of the compound relatively to the weight of an atom, of 
the standard element. 

In the case of sodium chloride the molecule is fornu'd by the 
combination of one atom of sodium and one atom of ehloritus 
but, frequently, the molecule of a com])ound is forttual l)y the 
combination of elements in more than one a,to)ni(! ])ro portion. 
In the case of water, for example, two atoms of hydrog(m unite 
with one atom of oxygen to form a molecule of the compound ; 
and so one writes the formula of water H 2 O. Tlie formula NH *^, 
similarly, which is the formula of ammonia., indicatevs that, tiie 
molecule of this compound contains three atoms of Jiydrog(m 
united with one atom of nitrogen, and the formula 
which represents a molecule of sucrose (cane sugar), indicates 
that the molecule of this compound is formed by a group of 
twelve atoms of carbon, twenty-two atoms of hydrogem and 
eleven atoms of oxygen. 

In this symbolic language of the chemist ther(^ is nothing 
mystic or mysterious ; it has been devised tint for tlu^ purpose' 
of leading undesirably inquisitive people astray, but of facilitating 
the study and understanding of chemistry by conveying a larger 
amount of information in a clear and concise manner. For tlie. 
serious student of chemistry a knowledge of th(i languages is 
essential and is readily gained by use ; on the other hand, the 
layman must beware of mistaking a memorised knowhalgt'. of a 
number of symbols and formulae for an iinderstanditig oi* the 
science. 

By means of the symbols of elements and foruiula; of conu 
2 }Ounds, one is also enabled to represent very clearly arid concisc'ly 
the results of a chemical change or chemical reaction. Idnis, 
we learned that when red oxide of mercury is luxated, (h'com- 
position takes place with production of oxygen (a gas) and of 
mercury. This fact can be represented thus : 

2HgO = 2Hg + O 2 

Translated into words, this chemical equation^ as it is called, i-<'a(ls 
thus ; Two molecules (or molecular proportions by weight) of 
oxide of mercury yield, on decomposition, two molecules, or 
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atoms, (or two molecular or atomic proportions by weight) of 
inercury and one molecule (or molecular proportion by weight) 
of oxygen. In accordance with the law of indestructibility of 
matter or conservation of mass, the sign of equality indicates 
that the number of any particular kind of atom, and also the 
total mass, on either side is the same. On the left-hand side, 
there are two molecules of oxide of mercury, and since each 
molecule consists of one atom of mercury and one atom of oxygen, 
there are, altogether, two atoms of mercury and two atoms of 
oxygen. On the right-hand side, similarly, we have two atoms 
of mercury and of oxygen. 

Moreover, the formula, HgO, indicates that 200*6 parts by 
weight (one atomic proportion) of mercury are combined with 
16*00 parts by weight of oxygen to give 216*6 parts (one mole- 
cular propoi'tion) of mercuric oxide. The above equation, 
therefore, informs us that 2x216*6, or 433*2, parts by weight of 
mercuric oxide yield on decomposition 2x200*6, or 401*2, parts 
by weight of mercury and 32*0 parts by weight of oxygen. By 
means of the symbols and formulae, therefore, one is enabled to 
represent not merely what are the products of chemical change 
but also the proportions by weight of the different substances 
involved in the change. Thus, since 433*2 parts by weight 
(grams, pounds, tons, etc.) of mercuric oxide give 32 parts by 
weight (grams, pounds, tons, etc.) of oxygen, one can calculate 
how much oxygen would be obtained by the decomposition of 
any given amount of the oxide. 

A knowledge of these quantitative relations is of the highest 
importance not only from the theoretical but from the practical 
and industrial point of view, for by means of the chemical 
equations and the atomic weights of the elements, one can 
calculate the maximum yield of a product which can be 
obtained from a given amount of the raw material. This theo- 
retical maximum is never reached, owing to unavoidable losses 
of one kind or another, but a knowledge of the theoretical 
maximum will direct attention to these losses and indicate their 
magnitude. 

Valency^ — Although atoms can combine with one another 
to form a compound or compounds, it has been established as 
the result of many experiments, that the power or capacity of 
any given atom to combine with some other atom is not un- 
limited. The atoms of two” different elements may combine in 
more than one proportion, but not in every proportion. Sodium 
and cldorine, for example, can combine only atom fox atom, to 
form the compound sodium chloride, represented by the formula 

D 
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NaCI. Tiie sodium atom, however, cuiiuol comhim' with two 
or three or more atoms of chlorine to lorm sucJi com[)oiind.s as 
NaCL, NaClg, etc. Hydrogen, similarly, can combine ^vitll 
chlorine only atom for atom to fonn the compouud known as 
hydrogen chloride, HCl. On the othci” hand, tlj,c metal calciimi 
can combine with two (and only with two) chlorine afoms to form 
the compound calcium chloride, CaCl^ ; aluminium can <‘ombinc 
with three chlorine atoms to give AlCl^*^ ; a.n(l carbon can com- 
bine with four chlorine atoms to form CCI4. 'riu' u.toins oT the 
different elements, therefore, have a certain combining capacity, 
or have a certain value or worth, as measured by tlie number 
of atoms of another element with wlxich one atom of tln^ given 
element can combine. This combining ca])a(uty or \'aluc is 
called the valency or valence^ of the element. Sinc(^ one atomic 
proportion of hydrogen is never known to combine with more 
than one atomic proportion of any other element, tlu^ combining 
capacity or valence of hydrogen is tahen as the standard a-nd 
put equal to unity. Hydrogen is said to b(' a unixmlcnt (dcmnmt. 
Similarly, an element which combines with hydrogem, atom for 
atom, or which can take the^place of one atom of hydrogen, is 
also said to be univalent. Thus, chloriiu', which forms with 
hydrogen the compound HCl, is univaUmt ; and sodium, one 
atom of which can take the place, of one atom of liy(lr<)g(m, as 
shown by the formulae HCl and NaCh also is uuivnlcmt. Oxygen 
and sulphur, on the other hand, arc bivalent^ for one atom of 
these elements can combine with two atoms of hydrogen to give 
H2O and H2S ; nitrogen is trivalent^ as shown by tlie formula 
for ammonia, NH3 ; and carbon, which forms tln^ compounds 
CH4 and CCI4, is quadrivalent. 

Since a number of the elements do not fonn compounds with 
hydrogen, it is not possible in their case to de/!u(‘ valence 
in terms of their capacity to combine with that (denntmi. It 
may, however, be defined in terms of capacity to combine with 
some other univalent element, or with another element, e.g. 
oxygen, the valence of which is known. Thus, summing up, one 
may say : The valence of an element is equal to the number of atoms 
of hydrogen^ or other univalent element^ zoith zohich one atom of the 
given element can combine ; or is equal to twice the number of 
atoms of owygen^ or other bivalent element^ with which one atom 
of the given element can combme. 

The fact that elements can combme in more than om^ pro 
portion is an indication that the valence of an elemerxt has not 
a constant, unchangeable value. The valence may vary up to 

^ From the Latin valprp, to he wortli 
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a certain maximum value according to the conditions of experi- 
ment. In the series of compounds, for example, which nitrogen 
forms with oxygen (Chap. XXIIl), the valence of the nitrogen 
varies from one to five. 

That elements have a limited combining power or valence 
was first clearly stated byE. Frankland (1825-1899)1 in 1852; 
and some years later, on the basis of this doctrine, chemists 
began to indicate, by means of lines or bondsf ’ the mutual 
attachments of the atoms within the molecule, each bond ” 
representing one valence. In this way one obtained what are 
known as graphic formulae, e.g, H — Cl, H — O — H, 0=C=0. 
The introduction of graphic formulae was an event of the greatest 
historical interest and importance, for by means of these formulae 
chemists attempted for the first time to visualise the inner structure 
of the molecule and the arrangement of the atoms relatively to 
one another. The use of these formulae was developed with 
great success, more especially by the German chemist Kekule, 
for the formulation of the very numerous series of compounds 
of carbon, so that there has developed a veritable architecture 
of the molecules. The story of some of the remarkable achieve- 
ments in this field will be told later. 

The doctrine of valency was put forward as an empirical 
doctrine ; a conclusion drawn from experiment and uninter- 
proted by theory. It was descriptive rather than explanatory ; 
it indicated a limitation of the combining power of elements 
and it imposed a check on the formulation of the compounds 
formed, but it threw no light on the underlying reality of atomic 
nature of which such a limitation of behaviour is a manifestation. 
On the doctrine of valency the atomic theory of Dalton also 
threw no light ; and it is only in recent years that one has found 
its theoretical basis in that conception of the electronic consti- 
tution of the atom which we owe mainly to the physicists of the 
twentieth century. To a discussion of this we shall proceed in 
a later chapter. 

^ Professor of Chemistry at the Royal Institution and at the Normal School 
of Science and Royal School of Mines, London. Created Knight Commander 
of the Bath (K.C.B.) in 1897. 
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Since the atomic hypothesis which was promulgated by Dalton 
In the early years of the nineteenth century ])ostulat(Ml i.hat the 
atoms have definite weights or masses, it (x'canu^ a, inattca* of 
importance to determine the atomic weights or the rolat.ive 
weights of the atoms of the dificrent (dements. Althougdi t!u' 
experimental investigation of the proportions In which (dc'nnmts 
combine was actively pursued, more espcHdally by Iknwlius, 
confidence in the accuracy of the atomic welglits (‘alculati'd 
therefrom was long delayed; and it was not till a, bout IHfiO, 
as we shall learn more fully later, tlnit chemists rc'cognised in 
the molecular theory propounded by Avogach'o in 1811, a suia^ 
basis on which to found their calculations of atomic wtdghts. 

The values of the atomic weights, det('rmin('d wii.li gn'ater 
accuracy and definiteness on the basis of Avog’adro’’s iluauy, 
served not only as the foundation of quantitative <diemistry but 
also as the basis of a classification of tlie elements wdiich has 
exercised an extraordinarily great inflxicnc(' on thc' chwelopmetit 
of the science. 

Even as early as 1829, Johann WoianiANG DoitKauiNKa (178()«- 
1849), Professor of Chemistry at Jena, published an actcouni of 
certain relationships which he had foiiml to exist Ixdnvec^n lh(' 
atomic weights of certain analogous elements, oi* (dcmnnils of 
similar chemical properties. Dobcrciner found tliat it was 
possible, in a number of cases, to form the clemcmts inl.o i riads,^’ 
or groups of three, the members of which were rcdatcal to one 
another in such a way that the atomic weight of on(‘ was 
approximately equal to the mean of the atomic vv(‘ig'hts of the 
other two. For example, the elements lithium, sodiuiti and 
potassium form such a triad, the atomic weight of so<Uum 
(23-0) being equal to the mean of the atomic weighls of lithium 
f6-94) and potassium (39T0). Thus, 

6 ^ 4 + 39 . 10 ^ 

2 
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Similar triads are : chlorine (35*46), bromine (79-92), iodine 
(126-9) ; calcium (40*07), strontium (87*63), barium (137-4) ; 
sulphur (32*06), selenium (79*2), tellurium (127*5), 

These regularities, which may possibly have been regarded 
as little more than arithmetical curiosities, had only a restricted 
application and aroused but a meagre interest among chemists ; 
and it was not till 1868 and 1869 that Lothar Meyer (1830— 
1895), in Germany, and Mendeleeff, in Russia, discovered and 
elaborated the so-called Periodic Law, which expresses in a 
comprehensive manner the relation between the general pro- 
perties of the elements and their atomic weights. This law, 
which was first imperfectly perceived by the Englishman J. A, R. 
Newlands in 1864 and called by him the law of octaves, may be 
stated in the form : The properties of the elements and of their 
compouyids are a periodic function of (or vary in a periodic manner 
witK) the atomic weight 

Dmitri Ivanowitscii Mendeleeff, by whom the periodic 
classification of the elements was most fully worked out and the 
inferences from it most clearly drawn, was, like Robert Boyle, 
the fourteenth child of his parents. Born at Tobolsk, in Siberia, 
in 1834, Mendeleeff became, in 1866, Professor of Chemistry at 
the University of St. Petersburg, where he carried out many 
important investigations, more especially on the properties of 
solutions. Coming into conflict with the University authorities 
owing to his sympathy with what were regarded as too liberal 
political views and to his irreconcilable enmity to the classical 
system of education then in vogue, Mendeleeff retired from his 
professorship in 1890. In 1893, he was appointed Director of 
the Bureau of Weights and Measures, and this post he held 
till he died in 1907, One of the foremost chemical philosophers 
of the nineteenth century, MendeleelF‘’s genius and service to 
science were recognised alike by learned societies and by univer- 
sities, which bestowed their honours on him. In appearance, 
Mendeleeff* was a genuine Slav. Medium in height, rather 
powerfully set, with an abundance of hair reminding one of a 
Padei-ewski, expressive blue eyes, high cheek bones, an immense 
forehead, he commanded attention wherever he went.*’’’ ^ 

From a study of the atomic weights of elements known at 
the time, Mendeleeff was struck by the fact that when the ele- 
ments arc arranged in the order of their atomic weights, a 
remarkable recurrence of properties is observed. This periodicity 
^ Harrow, Eminent Chemists of our Time (T. Eisher Unwin). 
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or periodic variation of properties was very notic('al)lc in respect 
of the general chemical behaviour and of thc' valcnicc' ol the 
elements ; for, when the elements were arrangn'd in order of 
ascending atomic weights and in accordance irith tlie valence, 
it was found that they fell into a number of groups or ia.mili(>s 
of related elements or elements having analogous properties. 
In this way a natural classification of thc elements was achieved, 



Dmitri Ivanowitsoh MHtmBajsiiFif. 

a classification depending on thc relation between tlie, chemical 
properties of the elements and their atomic weights. 

In order that related elements might fall into the same group, 
it was necessary to leave a number of gaps in the table of 
elements, gaps which Mendeleeff predicted would one day be 
filled through the discovery of elements unknown at that time. 
Moreover, with the confident daring which comes from a recog- 
nition of the value and meaning of a scientific law, Mendcl6cfi‘ 
predicted the properties which those elements would be found 
to possess when they were discovered. Thus, in the case of one 
of these unknown elements which Mendeleeff called “ ekasilicon,” 
the properties which he foretold in 1871 were found, with what 
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one may rightly regard as an astounding degree of accuracy, in 
the element germanium which was discovered in 1886 by the 
German chemist Clemens Alexander Winkler, Professor of 
Chemistry at Freiburg. The following table gives the com 
parison : 

Ekfisilicon ” rjermaninm 

Atomic weight ... . 72 72 6 

Hpecific gravity . .... 55 5*469 

Specific gravity of oxido . about 4 7 4*703 

Although, as we shiill presently learn, certain anomalies are 
met with in the Mendeleetf classification, anomalies which have 
in recent years received an explanation, the periodic law has 
seiwed to co-ordinate the different elements and to bring order 
and harmony into what would otherwise have been a disarray 
of isolated facts ; and to the guidance which it has given 
in investigation we owe the discovery of many new elements, 
chief among which are the so-called rare gases, helium, neon, 
krypton and xenon. As Mendeleeff himself said in the Faraday 
Lecture delivered in 1889 before the Chemical Society in London : 

Before the promulgation of the periodic law the chemical 
elements weje mere fragmentary, incidental facts in Nature ; 
there was no special reason to expect the discovery of new ele- 
ments, and the new ones which were discovered from time to 
time appeared to be possessed of quite novel properties. The 
law of periodicity first enabled us to perceive undiscovered ele- 
ments at a distance which formerly was inaccessible to chemical 
vision ; and long ere they were discovered new elements appeared 
before our eyes possessed of a number of well-defined properties. 

On approaching the study of the elements as known at the 
pi'esent time, one finds that hydrogen occupies an unique position 
at the head, so to speak, of the rank and file of the elements. 
Leaving this element out of account for the present, therefore, 
and writing the other elements in ascending order of atomic 
weights, we have what are called the elements of the first period, 
namely. 

Helium, litlimm. HotyHium. Boron. Carbon Nitrogen Oxygen. Fluorine 

4-00 6-94 9-02 10-82 12 00 14*01 16 00 19-00 

This is followed by the second period of elements, 

Neon. Sodium. Magnesium. Aluminium Silicon. Phosphorus. Sulphur. Chlorine. 

20-2 23-0 24-32 26 97 28-06 31-03 32-06 36-46 

These elements of the second period possess, member by member, 
properties analogous to those of the elements of the first period ; 
that is, neon is similar to helium, sodium to lithium, magnesium 
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to beryllium, and so on till wc come to chlorine, Avhieh has pro- 
perties similar to those of fluorine. , ■ t . 

After chlorine, there comes the^ element argon, whicli is 
similar in properties to neon and helium, and so \ye siaif. a, new 
period. Now, however, as the diagram ^ (Fig. (>) shows, now 
types of elements occur and the period becomes longei , so tint, 
from argon, which corresponds with helium and neon on th(' (mo 
hand, to bromine, which corresponds with fluorine ami chlorine 
on the other hand, we have a period not of eight but of eighteen 
elements. This is followed by another period of (nghtxam (‘lenumts 
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Pig. G. — Periodic Classification of the EkntK'iiiH. 


from krypton to iodine, and then there is a jump to a still long(a- 
period of thirty-two elements (one of which is still undiscov(med). 
A fragmentary period, from radon to uranium, comphdes the 
table. 

In the Mendeleeff classification emphasis is mainly laid on 
the relationship between chemical properties and valency, and 
this is clearly brought out in the table. Thus, in thc^. cas<' of 

^ In order to bring argon into a position m tho table corresponding with iKdium 
and neon, with which it is closely allied, it has to bo placcid b(^for(^ potasHitnti 
although the latter has the smaller atomic weight. This is one of th(s anon:ifili<‘H 
of the Mendeleefi periodic classification, and will receive its explanation laitn*. 

This IS not the form in which Mendel6ejff classified tho (dement h, but is 
adapted from an arrangement suggested by T. Bay ley. 
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the two short and typical periods, each begins with a chemically 
inert gas which has not, so far, been found to form any com- 
pound and may therefore be regarded as having a valence of 
nought. Second in the period comes a highly reactive metallic 
or electro-positive i element having a valence of one, and this 
is followed by elements having a maximum valence, in the case 
of their compounds with oxygen, increasing from 2, as shown 
by beryllium and magnesium, to a valence of 7, as shown by 
fluorine and chlorine. In the case of the compounds with 
hydrogen, however, the valence rises to 4 in carbon and silicon 
and falls again to 1 in fluorine and chlorine. In the longer 
periods a similar variation of valency is also found, but the rela- 
tions now become more complicated and cannot be discussed here. 

Owing to the periodicity of properties, elements of similar 
or analogous character fall into corresponding places in the 
vax'ious periods. In the table of elements shown on the opposite 
page, the members of these jnatural families or groups of 
related elements, are joined together by full-drawn lines. Thus, 
the rare gases (helium, neon, argon, krypton and xenon) occupy 
a position at the beginning of each period ; the so-called alkali 
metals (lithium, sodium, potassium, rubidium and caesium) 
come second in the period, whereas, at the end of the periods, 
there stand the halogen elements (fluorine, chlorine, bromine 
and iodine). The dotted lines join elements which are related 
to each other in certain respects, although not so closely as the 
members of the natural families just mentioned. 

Within these natural families, also, one finds a gradation of 
properties with increase of atomic weight. The melting point, 
for example, of the alkali metals falls as the atomic weight in- 
creases, as the following values show : lithium, 186° C. ; sodium, 
97*5° C. ; potassium, 62° C. ; rubidium, S8° C. ; caesium, 26° C. The 
colour of the halogen elements, also, varies from a pale yellow, 
in the case of Jfluorine, to a pronounced greenish-yellow, in the 
case of chlorine, a deep brown in the case of bromine and a dark 
purple in the case of iodine. It was, of course, by reason of such 
variations of properties within a family of related elements, as 
well as by reason of the variation of properties (valence, atomic 
weight, etc.), on passing from element to element within a period, 
that Mendeleeff was able, with such success, to predict the 
properties of undiscovered elements. 

Although one must bear in mind that the periodic classifi- 
cation does not summarise the whole of chemistry nor perfectly 
reflect the properties of the elements, yet the periodicity of 
^ The significance of this term will appear later. 



74 


THE SPIRIT OF CHEMISTRY 


behaviour, the successful prediction of the propci'tics ol uukiiowu 
elements and the way in which the many new elements which 
were afterwards discovered fell naturally, as it were, into their 
appointed places within the framework of the periodic classifi- 
cation, established the periodic law in an unassailable position. 
Thereby, however, as Lord Salisbury remarked,* the mystcuy which 
I hangs over the elements was thickened rather than dissipated. 
"" The discovery of co-ordinate families dimly points to some 
identical origin, without suggesting the method of their genesis 
or the nature of their common parentage."" Ilow, then, shall one 
explain this very remarkable law, and where shall one hnd the 
thread that binds the different elements into an ordcrcal group ? 

Mendeleeff*, it may be said, scorned all seai'ch foi* a common 
parentage and protested, in his Faraday Lecture already referred 
to, that the periodic law, based as it is on the solid and whole- 
some ground of experimental research, has been evolved indepen- 
dently of any conception as to the nature of the elements ; it 
does not in the least originate in the idea of a, nni(|iie matter ; 
and it has no historical connection with that relics oftln'. torments 
of classical thought, and therefore it affords no more indication 
of the unity of matter or of the compound charact(U* of our 
elements, than the law of Avogadro, or the law of sp(iciti(; heats, 
or even the conclusions of spectrum analysis."" IVIendeleefF"s 
desire to emphasise the solidity of the experimental basis of the 
periodic law and his contempt of the torments of classical 
thought doubtless led him to forget that the aim of science is 
not merely to order nature and to find the law that binds together 
facts of a like kind, but, through imagination, to rise above the 
facts and to get a glimpse of the eternal and xnidorlying truth 
of which the law is but a partial expression. Certain it is that 
speculation and investigation concerning the gcmosis of the 
elements were greatly stimulated by th(^ recognition of the 
essential validity of the periodic law ; and the (widcnce which 
had been accumulating during the nineteenth century has 
culminated in the experimental investigations of the twentieth, 
and in the theory of the electronic constitution of matter by 
means of which the periodic law receives interpretation. Accord- 
ing to this well-established theory, the atom of the chemist, the 
unit of chemical exchange, can no longer bo regarded as the unit 
of subdivision of matter, but is a complex structure bitilt up oi 
much smaller particles the nature of which is the same for all 
elements. To a discussion of this we shall proceed in tlie next 
chapter, 

^ Presidential Address to the British Association, 1894. 



CHAPTER VI 

RADIOACTIVITY AND ATOMIC CONSTITUTION 

The recognition by chemists of the essential validity of the 
periodic law and the indications which this law gave of the close 
interconnection of the elements — perhaps, even, of a common 
origin and parentage — aroused afresh interest in investigations 
and discussions relating to the nature of the atom and the 
problem of the constitution of matter. To Dalton, as to Newton, 
the atoms were solid, massy, hard, impenetrable particles,” 
incapable of subdivision, and forming distinct and separate 
individuals, primordial and unalterable. Throughout the nine- 
teenth century, however, the old Aristotelian idea of a unique 
matter, a prima materia — that relic of the torments of classical 
thought, as Mendeleeff called it — was repeatedly revived, and 
first of all, perhaps, by the physician and physiological chemist, 
WinniAM l^ROUT (1785—1850), who graduated Doctor of Medicine 
at Edinburgh in 1811 and afterwards lectured on chemistry in 
Eondon. 

Prout’s Uaw. — On examining tlie early and not very accurate 
determinations of atomic weights, Front was impressed by the 
fact that most of the values, when referred to the atomic weight 
of hydrogen as unity, were either whole numbers or very nearly 
whole nuinbers. He therefore put forward the view that the 
protyl or prima materia of the ancients is hydrogen, and that the 
atoms of different substances are made up of various amounts 
of this primordial matter. The sagacious speculation ” of 
Dr. Front, however, did not meet with general acceptance 
because the more accurate determinations of atomic weights, 
as carried out by Berzelius, and, later, in 1860, by the Belgian 
chemist Stas, whose work will remain for all time a model of 
care and^^ccuracy, clearly .showed that the deviation of the 
atomic weights of a number of the elements from whole multiples 
of the atomic weight of hydrogen could not be explained as due 
to experimental error. 

During the last quarter of the nineteenth century little 
interest was shown in FrouUs law, but many chemists, while 
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not accepting tlie validity of the law, were not prepared to sub- 
scribe to the declaration of Stas that the law of Prout must be 
considered as U7ie pure illusioii. The feeling, indeed, persisted 
that the law contains an element of truth ; and this feeling was 
strengthened when, in 1901, the Hon. R. J. Stiujtt, now fjord 
Rayleigh, pointed out that a calculation of the px*obabilities 
involved confirms the verdict of common sense, that the atomic 
weights (referred to that of oxygen equal to 1(5 *00) tend to 
approximate to whole numbers far more closely than can reason- 
ably be accounted for by any accidental coincidence, ddic chaaice 
of any such coincidence being the explanation is not more than 
1 in 1000, so that ... we have stronger reasons for Ixelieving 
in the truth of ProuPs law than in that of many historical events 
which are universally accepted as unquestion able.*’’’ IIow 
strongly the verdict of common sense has been confirmed by 
the epoch-making investigations of the twentieth century, and 
how nearly the hypothesis of Prout agrees with present-day views 
regarding the constitution of the atom, it shall now be our 
business to consider. 

Cathode Rays. — The new light which, during the present 
century more especially, has been shed on the probUuu of the 



constitution of matter, came first from an unexpected direction, 
namely, from a study of the discharge of electricity through 
highly rarefied gases. In 1859, it was discovered by the (Tcrnian 
physicist, Julius Plucker (1801-1868), that when an electric 
discharge is allowed to take place in a highly evacuated glass 
tube, a peculiar radiation is projected from the negative electrode 
or cathode^ as it is called ; and this radiation excites a phos- 
phorescent light in the glass of the tube opposite to the cathode. 
This radiation, moreover, known as the cathode rays^ travels in 
straight lines, and if a solid object is placed in the path of the 
rays, a shadow is cast (Fig. 7). A wheel, also, may be caused 
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to rotate by allowing the cathode rays to strike against its vanes, 
and a number of minerals, such as kunzite,! zinc sulphide and 
willemite (zinc silicate), glow with a phosphorescent light when 
bombarded by the cathode rays Moreover, by using a concave 
cathode, A^hereby the rays can be brought to a focus, a metal, 
placed at the focus, can be raised to incandescence or even 
melted under the fury of the bombardment by the cathode rays, 
the nature of which was first clearly proved by Sir Joseph J. 
Thomson.^ 

Although it had been surmised by the late Sir William 
Ceookes (1832--1919), even as early as 1879, that the cathode 
rays are composed of small particles or corpuscles, proof of this 
was obtained only in 1897 by Sir J. J. Thomson. That the 
cathode rays are the carriers of negative electricity was already 
known from the fact that they are deflected in a particular 
manner by a magnet ; and Thomson, by ingenious and careful 
experiment, determined the amount of the charge on the particles, 
the mass of the particles and the velocity of their flight. The 
negatively charged particles constituting the cathode rays, he 
found, travel with the enormous velocity of from 10,000 to 100,000 
miles per second, the latter velocity being such that the particles 
would encircle the earth four times in the space of a second. 

The mass of these negatively charged particles or electrons^ 
as they are now called, is exceedingly small and equal to one 
eighteen-hundred-and-thirtieth (y mass of the hydrogen 

atom, the lightest atom or lightest particle of matter hitherto 
known. In this way, the existence of particles very much 
smaller than the chemical atom was discovered. The electron, 
moreover, may be regarded as the unit of negative electricity, 
for no charge less than that associated Avith an electron has been 
obtained. 

Investigation has shown that electrons can be produced in 

^ This IS a variety of spodumene, which has the composition of a lithium 
aluminium silicate. 

^ Joseph John Thomson, now Master of Trinity College, Cambridge, was 
horn near Manchester m 1856. When not yet twenty-eight years of age, he was 
elected Cavendish Professor of Experimental Physics in the University of Cam- 
bridge. Ho was awarded the Nobel Prize in Physics in 1906, was created a Knight 
in 1908, and was awarded the British Order of Merit in 1912. While in charge 
of the Cavendish Laboratory he built up a School of Research the fame of which 
has never been surpassed. ^ 

® Since the mass of the hydrogen atom has been calculated to be 1*64 X 10"^^ 
gram 1*04 divided, twenty-four times by 10), the mass of the electron is only 
9 Ox 10“ gram. In other words, it would take about one quadrillion, or one 
million million million million atoms of hydrogen to make up the weight of 1 gram 
(15’4 grains). (Eor the relation between grams and other units of weight, see 
Appendix.) 
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various ways : by the electric discharge as cathode rays ; by the 
action of ultra-violet light on metals ; and by raising metals to 
incandescence, as in the “ valve ” used in wireless telephony. 
In all cases, however, the particles or electrons are the same, and 
therefore the electron must be a constituent of many different 
substances. From this consideration there arose the conception 
of the electronic constitution of matter or of the atom. 

From another direction, also, further impressive evidence 
was soon obtained that the atom is no longer to be thought of 
as a single, indivisible, unchangeable particle, but as a vibrant 
mic rocosm, a complex system, capable of undergoing, in certain 
cases at least, an amazing and spontaneous transformation into 
atoms of a different kind. 

Radioactivity. — In 1895, it was found by the German phy- 
sicist, Wilhelm Konbad von Rontgen (1845—1923), that when 



The eketrons projected from the cathado, C, impinge on the anti-oathodo, A 
whereby X-rays are produced. 


the cathode rays are brought to a focus and allowed to impinge 
on a plate of a dense metal such as platinum (Fig. 8), rays are 
produced which can pass out through the glass of the tube 
and affect a photographic plate, and they can also render certain 
substances (e.g. barium platinocyanide) fluorescent. These 
rays, generally called X-rays, the use of whicli in surgery is so 
well known, are ethereal vibrations similar to the vibrations 
constituting ordinary light; but of very much shorter wave- 

n«f?iQnm physicist, Henri Becoctebel 

•XL l^hinkmg that the X-rays might have their origin 

m the fluorescence produced in the glass by the cathode rays, 
placed a salt of uranium, which fluoresces when exposed to light, 

Tl! Pl^te protected from the action of ordinary 

light. After, some time, Becquerel found, on developing the 
photographic plate, that the uranium salt had emitted a radiation 
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which had penetrated the wrapping and produced a dark patch 
on the plate. This result appeared, therefore, to confirm 
BecquerePs view regarding the origin of X-rays On proceeding 
to repeat his experiment, Becquerel was interrupted, and he 
placed the protected photographic plate with uranium salt on 
it, in a dark cupboard, where it X’emained some days. As the 
uranium salt fluoresces only on exposure to light, Becquerel 
did not expect that any effect would be given by the salt which 
had been all the time in a dark cupboard. Nevertheless, he 
developed the plate, and was astonished to find that an image 
had been produced quite as dark as that which had been formed 
when the uranium salt was exposed to light. The action on the 
photographic plate could not, therefore, have been due to 
fluorescence. By this happy chance, Becquerel was led to the 
discovery that the compounds of uranium continuously and 
spontaneously emit rays or radiations which have the power 
of passing through wood, paper and other opaque materials, 
and of affecting a photographic plate in a manner similar to 
X-rays. In this way was discovered the property of radioactivity^ 
a property which was found to be due not to the salt as a whole 
but to the uranium in the salt. In other words, radioactivity, 
as was shown later })y Mme. Curie, is a property of the uranium 
atom. 

It was found by Becquerel that the radiations which are 
emitted by radioactive substances have the property not only 
of penetrating paper and other mate- 
rials opaque to ordinary light, but also 
of rendering the air a conductor of 
electricity ; and this property has been 
of very great value for the measure- 
ment of the radioactive power of 
different substances. When a gold- 
leaf electroscope (Pig. 9) is charged 
* with electricity, the gold leaves mutu- 
ally repel each other to an extent which 
depends on the amount of the charge. 

In dry air, the leaves remain apart, 
because the air is a non-conductor; Fig. 9. Gold-leaf electroscope. 

butif a radioactive material be brought brass rod, carrying two 

- T strips of gold leaf attaoned to 

near to the electroscope, the gold ^ts ^nd, passes through an in-, 
leaves fall together more or less sulating collar m the lid of a 
rapidly, owing to the fact that the 

air is rendered conducting (or is ionised^ as it is said). The 
electric charge is therefore conducted away and the gold leaves. 
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losing their charge, no longer mutually repel each other. The 
more powerfully radioactive the material, the more rapidly will 
the leaves come together. 

The investigation of a large number of materials by Mine. 
Curie, 1 wife of the late Professor Pierre Curie (1859-1906), 
at the Sorbonne in Paris, led to the discovery not only tliat the 
element thorium is radioactive, but that in the uraniunvcoutain- 
ing mineral, pitchblende, there existed a hitherto unknown cle- 
ment which, on account of its great radioactive power — more 
than a million times greater than that of uranium — received the 
name radium. Although present in pitchblende to the extent 
of only about 1 part in 10,000,000, this element was separated, 
by a long and laborious process, in the form of its salt, radium 
bromide, a white substance similar in appearance to common 
salt ; and in 1910, Mme. Curie obtained metallic radium by 
electrolysing a solution of radium chloidde. Its properties are 
similar to those of calcium. 

At the present time, the deposits of uranium minerals at 
Katanga, in the Belgian Congo, constitute the main source of 
supply of radium, but the element is also obtained in notable 
quantities from the mineral, pitchblende, occurring at Joachims- 
tal, in Czechoslovakia. Radium is employed in the form of its 
salts, the bromide and chloride, and must, on account of its 
very great radioactive power, be handled with care ; for if kc])t 
for a short time near the body, it cauterises the skin and pro- 
duces a sore which is difficult to heal. It is used, to a con- 
siderable extent, in the treatment of cancer and other malignant 
groivths. 

The investigation of the radioactive elements, uranium, 
thorium and radium, has shown that they are continuously and 
spontaneously giving out positively and negatively charged 
particles, the so-called alpha (a) and beta (/3) rays ; and they 
are the source, also, of ethereal vibrations, the gamma, (y) rays, 
which are similar in nature to the X-rays. Like the X-rays, the 
gamma rays are highly penetrating, the thickness of layer passed 
through being all the greater the smaller the atomic weight 
of the substances. The beta rays, also, which consist of 
negatively charged electrons shot out from the atom with a 
velocity approaching that of light, have considerable penetrating 
power, but the alpha rays, which, as we shall presently learn, 

^ Marie Sklodowska, afterwards Mme. Curie, was bora at Warsaw, Poland, m 
1867. She succeeded her husband, m 1906, as Professor of Physics at the 8orlbomie, 
Paris, and in 1919 was made Honorary Professor of Radiology in tho University 
of Warsaw. She was awarded the Nobel Prize in Physics in 1903 aiid the Prize 
in Chemistry in 1911. 
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are positively charged helium atoms, are easily stopped by a 
sheet of note-paper. They are, of course, all stopped by the 
glass walls of the tube in which, ordinarily, the small quantities 
of radium salt are sealed up. These alpha rays, however, 
possess, by reason of their greater mass, much more energy than 
the electrons (beta rays), and are much more effective in breaking 
up or ionising the molecules of the atmospheric gases and so 
rendering the air a conductor of electricity. 

The emission of alpha particles by a radium salt can be 
demonstrated voiy simply by means of a small apparatus, called 
a sjyinthariscope^ invented by Sir William Crookes. small 
piece of a rachum salt is supported on the tip of a wi' > fixed 
inside a metal tube at a, short distance from a screen coated with 
zinc sulpliide. On viewing the screen in the dark through a 
magnifying glass, which can be focussed on the screen by means 
of a sliding tube, scintillating flashes of light are observed, due 
to the bombardment of the screen by alpha particles, each impact 
being marked by a flash. 

A beautiful experiment by C. T. R. Wilson, now Professor 
of Natural Philosophy in the University of Cambridge, enables 
one to trace the path of an alpha particle. A small particle of 
a i-adium compound is supported in a flask which contains air 
saturated with moisture. On cooling the air by rapid expansion, 
the ions or electrically charged particles into which the mole- 
cules of the atmospheric gases are broken by the alpha particles, 
act as condensation nuclei for the moisture, and the paths of 
the rays a, re traced in fog. With suitable illumination these fog- 
tracks can be photographed, and an appearance similar to that 
shown in Fig. 10 is obtained. The track of an alpha particle 
is, in most cases, a straight line or nearly a straight line, but 
occasionally, as the figure indicates, a sharp deflection is shown. 
The interpretation of this behaviour will be given later. 

Although the scientific imagination of a Dalton had con- 
ceived the existence of atoms, chemists deal, in their reactions, 
not with single atoms but with enormous numbers of atoms. 
By means of the spinthariscope, however, and the fog-tracks of 
alpha particles, we become witnesses of effects due to single, 
individual atoms of matter. The atomic hypothesis thereby 
gains an objective reality undreamt of by Dalton and the later 
chemists of the nineteenth century. 

While the three most important radioactive elements are 
uranium, thorium and radium, electrical measurements have 
shown that these elements give rise to a large number of other 
radioactive elements which have a much more transient existence. 
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Thus, radium gives rise to a gas which was called by Ramsay 
niton, but which has now been rechristened radon. This gas 
is itself radioactive and can be observed, like radium, to glow 
in the dark. When the gaseous radon is removed from the 
original radium salt, it gradually loses its radioactivity and dis- 
appears ; .but just as fast as the separated radon disappears, 
just so fast is fresh radon produced by the original radium, 
spontaneously and always at the same rate, Linaltered and un- 
influenced by anything that man can do. Nor is this all. From 
the radium there is produced successively a whole series of 
radioactive substances : radium, radon, radium-A, radium-B, 

y 



Pig. 10. — Fog-tracks of alpha particles. 

enlarge?^^^ particles emitted by radium ; 2, tmekn of th(^ partieh^s, 


etc., to radium-G, wliicli is lead. These difFerexit mexnbers 

of a radioactive series, which are obtained, for the most part, 
onty m un^ighable amounts, are distinguished from one another 
. \ ®®tined by the rate at which the radioactive power 
diminisims or “ decays.” Thus, the radioactive power of 
radium falls to half its value in a period of 1730 years, whereas 
the corresponding time for radon is 3-85 days, and for radium-A, 

rrmnn + zaci " 


WMe, as we have just seen, radium is the progenitor of a long 

an ancient lineage, 

r e rs parent of this series of radioactive elements is 
uramum, the element, as we have seen, in which the property 
Of radioactivity was first detected. From uranium there are 
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formed, in succession, uranium-Xi, uranium-X 25 uranium-II, 
ionium, and it is this last-mentioned element, ionium, which, 
by the loss of an alpha particle, gives rise to radium. 

The element thorium gives rise to a similar series of products, 
of which the final member is again lead. 

One of the disintegration products of thorium, known as 
mesothorium-I, is now obtained in considerable quantities as a 
by-product of the incandescent gas-mantle industry. Meso- 
thorium-1 loses half its radioactivity in five and a half years, 
so that its life is comparatively short ; but for that very reason 
highly active preparations can be obtained. The commercial 
mesothorium is largely employed in the manufacture of luminous 
paints, whicli can be applied, for example, to the hands of 
watches and so make it possible for the time to be read in the 
dark. 

Disintegration Theory of Radioactivity. — r Although the 
fact of radioactivity is now familiar to all, the phenomena of 
radioactivity were, in the closing years of the nineteenth century, 
startling in their unexpectedness , and they were bewildering 
and inexplicable until, in 1902, Sir Ernest Rutherford and 
Professor F. Soddy ^ put forward their now universally accepted 
hypothesis of atomic disintegration. According to this hypo- 
thesis, the atom of a radioactive element is a complex system 
of particles which undergoes spontaneous change, or explodes 
as it were, with projection, at a very high velocity, of negatively 
charged electrons (the beta rays), and of heavier, positively 
charged particles (alpha rays). Not all the atoms of a radio- 
active substance, however, undergo disintegration at one 
moment ; only a certain definite fraction of the atoms reach 
the condition of instability at the same time. In the case of 
radium, for example, only about one out of every hundred thou- 
sand million breaks up each second ; and the fraction is definite 
for each element. The greater the fraction, the more powerfully 
radioactive is the substance. 

A striking confirmation of the correctness of the disinte- 
gration hypothesis of radioactivity and of the complexity of 
atoms was obtained when Sir William Ramsay and Sir Ernest 
Rutherford showed, by direct experiment and in different ways, 
that the positively charged alpha particle which is expelled 
from radioactive substances, is a positively charged hehum atom, 

^ Sir Ernest Rutherford, O.M., President of the Royal Society and Cavendish 
Professor of Experimental Physics in the University of Cambridge, and Erederiok 
Soddy, Professor of Inorganic and Physical Chemistry in the University of 0:rford, 
were, in 1902, Professor of Physios and Demonstrator in Chemistry, respectively , 
in McGill University, Montreal, 
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01 % as we shall learn more fully presently, a helium atom which 
has lost two electrons. Not only did. Rutherford isolate the 
alpha particles and show that, on losing their electric charge 
by taking up electrons, they form ordinary helium, but he also 
succeeded in counting the number of alpha particles emitted by 
a given weight of radium, by allowing the particles to pass 
through a small hole and impinge on a fluorescent screen. At 
each impact of an alpha particle, a little flash of light was pro- 
duced, and by counting the number of flashes the number of 
particles passing through the opening was obtained. Since the 
number of alpha particles expelled from a given weight of radium 
can be counted, and since each alpha particle becomes a helium 
atom, it is possible, by measuring the volume of helium produced 
by a given weight of radium in a given time, to calculate the 
number of helium atoms (or molecules) in a given volume of the 
gas. The number obtained by Rutherford, namely, twenty- 
seven trillion five hundred thousand billion (2*75 X in 
one cubic centimetre at 0° C., is, as wc shall see later, in good 
agreement with the value deduced from measurements of an 
entirely different kind. 

The results which have been obtained from tlve investigations 
of radioactivity gain greatly in interest from the fact that they 
may be employed to throw light on the problem oi‘ the ag(J of the 
earth, or, at least, on the age of the rocks making up the crust 
of the earth. It has already been pointed out that the clcMucnt, 
uranium, undergoes a succession of disintegrations and gives 
rise to a series of products of which the final member is lead. 
A uranium mineral, therefore, always contains lead, and if one 
determines the relative amount of uranium and lead in the 
mineral it is possible, from a knowledge of the radioactive 
changes, to calculate approximately the time which would be 
necessary for the given proportion of lead to be formed, and in 
this way an approximate lower limit of age is obtained. Thus, 
it has been calculated that the middle prc-cambrian pegmatites 
of Ontario, Texas, Colorado, Sweden and India, have an age of 
about 1000 to 1100 million years. 

Atomic Structure. — The striking proof of the complexity 
of the chemical atom, which is afforded by electrical and radio- 
active phenomena, gave a great impetus to the formation of 
definite views regarding the inner structure or constitution of 
what was fornierly thought of as indivisible. Since negatively 
charged electrons constitute, as we have seen, a part of the 
atom of different substances, and since the atom as a whole is 
^ A billiott is here taken as a million million, and a trillion as a million billion . 
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electl'ically neutral, it follows that there must be an amount of 
positive electricity within the atom equal to the total negative 
charge carried by the electrons. At first, it was suggested by 
Lord Kelvin and by Sir J. J. Thomson that the atom might be 
conceived of as a uniform mass of positive electricity, throughout 
which the electrons are distributed like the currants in a cake ; 
but the fuller investigation of the properties of matter, and more 
especially of the passage of alpha rays through matter, showed 
that the positive electricity in the atom could not exist in a 
diffuse form, but must be highly condensed. Sir Ernest Ruther- 
ford, therefore, suggested that the positive electricity is con- 
centrated in a very minute nucleus, in which also almost the 
whole mass of the atom is supposed to be resident, the mass of 
the electrons being, in comparison, negligibly small. Around 
this minute, positively charged nucleus, the negative electrons 
are supposed to be arranged in the form of concentric sphetes, 
or to move in orbits, like a sun ringed round with planets. The 
suggestion made by Sir Ernest Rutherford was a brilliant 
inference from exp elementally determined data, and has in 
general been confirmed by all later work. 

And what is the nature of the positively charged nucleus ? 
The atoms of the radioactive elements emit, on disintegrating, 
alpha particles or positively charged helium atoms, as well as 
beta rays or negatively charged electrons. In the case of the 
heavy atoms of the radioactive elements, therefore, we seem to 
have a proof that the positively charged nucleus of the helium 
atom is one of the units of atomic structure ; but since the mass 
of the helium atom (or nucleus) is nearly four times that of the 
hydrogen atom, the helium nucleus must itself be regarded as 
complex. The conclusion, therefore, is reached, a conclusion 
which commends itself to the mind on account of its simplicity 
no less than by its harmony with experimental evidence, that 
the positively charged nucleus of the hydrogen atom, the lightest 
atom, is itself the unit of positive electricity. To this unit of 
positive electricity which constitutes the nucleus of the hydrogen 
atom, the name proton has been given. 

While the nucleus of the hydrogen atom can be regarded as 
formed by a single proton, the nuclei of the other elements must 
be more complex structures, and consist of both protons and 
electrons. Thus, in the case of helium, the nucleus must contain 
four protons, because the mass of the helium atom is about four 
times the mass of the hydrogen atom. From the behaviour of 
the alpha rays, however, the conclusion must be drawn that 
the helium nucleus carries only two positive charges, and, 
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conse(juentlyj the four protons of the nucleus must be associated 
mth two electrons, in order that the excess positive charge may 
be only two units. In the neutral atom of helium, the two 
positive charges on the nucleus will be balanced by two planetary 
electrons. In general, then, an atom is to be regarded as con- 
sisting of a positively charged, complex nucleus, made up of 
protons and electrons, round which revolve planetary electrons 
equal in number to the excess positive charge on the nucleus. 

The structure of the atom which has just been sketched and 
which presents us with a model, as it were, of the atom as inferred 
from the results of experiment, can, of course, reflect only the 
state of knowledge at a particular time, and must be modified 
or replaced by some other model as knowledge widens and deepens. 
Even already, the electron is ceasing to be regarded as a minute, 
structureless particle, and the motion of an electron is becoming 
assimilated to the motion of a wave. Until knowledge has 
further developed, however, we may accept the model described 
above, as representing generally the structure of the atom. 

The recent investigations in the domain of atomic and sub- 
atomic physics have extended enormously the limit of sub- 
division of matter ; and have given a proof that the atom, far 
from being a single indivisible particle or closely compacted 
mass, is a very open-spaced system of particles, the diameters 
of which are veiy small compared witlx that of the system as a 
whole, or of the atomic domain as it is called. It has, indeed, 
been calculated i that the diameter of an electron is only about 
one forty-thousandth of the diameter of the atom, and the 
diameter of the proton is still less, being about one eighteen- 
hundredth (I'^Vo) diameter of an electron. The structure 

of an atom of hydrogen, therefore, has been compared with that 
of the solar system, and it has been pointed out that since the 
diameter of the earth is one twenty-thousandth of the diameter 
of its orbit round the sun, we can think of an atom as a system 
in which the earth represents an electron circling round a nucleus 
(much smaller than itself), at a distance equal to twice the 
distance of the earth from the sun. The atom, therefore, is 
mainly void, a thing of specks and spaces — mainly spaces — and 
one can understand how an alpha particle can pursue a straight 
path through the atoms of matter, as shown by the fog-tracks 
in the experiment referred to on p. 81 , and is only occasionally 
diverted by a near approach to or collision with the massive, 
positively charged nucleus. It is to such collisions with or 
^ The calculations rest to some extent on unverified assumptions. 
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repulsions by tbe positively charged nuclei of atoms that one 
attributes the sharp deflection which is seen in the fog-tracks 
of some of the alpha particles (p. 82). It was^ moreover, very 
largely by a study of such deflections of the alpha particles in 
passing through a g#is that Sir Ernest Rutherford was led to his 
conception of the structure of an atom. 

From the preceding discussion it will be evident how very 
nearly the hypothesis of Prout agrees with the now generally 
accepted views regarding the constitution of the atoms of 
different elements. Although the atoms of the elements are 
not to be regarded as built up of hydrogen atoms, but rather of 
hydrogen nuclei (protons) and electrons, the idea underlying 
the two views is essentially the same. 

The idea of the atomic or discontinuous constitution of 
matter which was no more than a speculation when put forward 
by Epicurus, was revived by Gassendi and Newton as a cosmic 
hypothesis. Through the genius of Dalton it was developed 
into a scientifle theory, and the investigations of the twentieth 
century have proved it to be a fact. Meanwhile, also, our views 
regarding the ultimate units of matter have undergone a change. 
To quote the words of the eminent French physicist, Jean Perrin : 

Atoms are no longer eternal, indivisible entities, setting a 
limit to the possible by their irreducible simplicity ; incon- 
ceivably minute though they be, we are beginning to see in 
them a vast host of new worlds. . . . Nature reveals the same 
wide grandeur in the atom and the nebula, and each new aid to 
knowledge shows her vaster and more diverse, more fruitful and 
more unexpected, and, above all, unfathomably immense.” 

Although, as a philosophical conception of the nature of 
matter, the atomic theory of Dalton, with its postulate of an 
indivisible atom, must be abandoned, yet it is important to bear 
in mind that in all ordinary chemical reactions and changes the 
complex structure of protons and electrons acts as an indivisible 
unit which cannot be broken up, except, possibly, in a few cases 
by non-chemical means. To this, reference will be made later. 

The Atomic Number. — According to the interpretation of 
experimental data, as we have seen, the atom is regarded as 
being composed of a positively charged nucleus and of planetary 
electrons or units of negative electricity. Since the number of 
planetary electrons, on which the chief chemical and physical 
properties of the elements depend, is determined by and is equal 
to the number of excess positive charges on the nucleus, a 
knowledge of the latter is of great importance; One of the 
greatest advances, therefore, in recent years, in connection with 
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the problem of atomic structm^e, has been the identification of 
the number of excess positive charges on the atomic nucleus 
with the serial number or atomic number as it is called, of the 
element in the periodic classification as given on p. 72. Since 
for the determination of the serial or atomic number of an 
element, several methods are available, one is thereby enabled 
to ascertain the nuclear charge, and therefore also the number 
of planetary electrons in the atom. 

The recognition that the properties of an element depend 
on its atomic number, or number of planetary electrons, rather 
than on the atomic weight of the element, enables one to take 
account of the anomalies occurring in the Mendel^eff classifi- 
cation, namely, that argon must, on account of its chemical 
properties, be placed before potassium, and similarly tellurium 
before iodine, although the atomic weights are in the inverse 
order. In most cases, the atomic numbers and atomic weights 
follow the same order, but not in every case ; and for the periodic 
recurrence of chemical properties it is the atomic number which 
is of importance. The periodic law must therefore be restated 
in the form : The properties of the elements are a periodic function 
of [or vary in a periodic manner with) the atomic NUMinm. 

The existence of a series of integral atomic numbers throws 
important light on the number of elements still to be discovered. 
On arranging the elements serially in order of the atomic numbers, 
as in the table on p. 45, it is found that only two gaps occur, 
indicating that between hydrogen and uranium only two elements 
remain to be discovered. The periodic classification now 
acquires a fuller meaning and becomes not only a record of the 
races and families of the elements, but a census sheet of in- 
dividuals ; a veritable x^egister from which we can make the 
roll-call of the elements. 

Isotopes. — Determinations of atomic numbers have shown 
that to each element there may be given a whole number which 
represents its serial number in the list of elements, starting from 
hydrogen wliich has the atomic number 1, up to uranium which 
has the atomic number 92 ; and the important conclusion can 
be drawn that as one passes from element to element, ascending 
the series, there is, at each step, an addition of one unit of 
positive electricity to the nucleus and a corresponding increase 
in the number of planetary electrons. Hydrogen has unit nuclear 
charge and one planetary electron ; helium has a nuclear charge 
of two, and two planetaiy electrons ; while uranium, with its 
atomic number 92, has no fewer than ninety-two planetary 
electrons to balance a nuclear charge of ninety-two units. 
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The chemical pi'operties of an element, we have seen, depend 
on the atomic number, that is, on the number of planetary 
electrons in the atom ; and since the nucleus of the heavier 
elements is a complex structure, made up of protons and electrons, 
it is clear that if one proton and one electron are removed from 
the nucleus, the atomic weight will be reduced by unity (the 
mass of one proton), but the positive charge on the nucleus will 
be unaltered. That is to say, the atomic number or the number 
of planetary electrons will be unchanged. The modern theory 
of atomic structure, therefore, opens up the astounding possi- 
bility of the existence of elements which have the same atomic 
number (and are therefore chemically identical), but have 
different atomic weights. 

The existence of such elements was first realised in the case 
of radioactive elements ; a fact which is perhaps not surprising 
since radioactive change is associated with a disintegration 
of the nucleus. Thus, as Soddy first pointed out, the emission 
of an alpha ray from the nucleus of a radioactive element corre- 
sponds with a lowering of the atomic number by two units and 
a diminution of the atomic weight by four units, because the 
atomic weight of helium is 4, whereas its atomic number (positive 
nuclear chax'ge) is 2. In the disintegration, for example, of 
radium to form radium-B, we have the series : 

radium radon V radium-A radmm-B 

a-ray a-ray a-ray 

Atomic weight . . . 226 222 218 214 

Atomic mimbor .... 88 86 84 82 

The atomic number of radium-B, therefore, is the same as that 
of lead, but its atomic weight (214) is greater than the atomic 
weight of lead (207*2). 

On the other hand, the emission of a beta ray (a negative 
charge), from the nucleus, will increase the atomic number (or 
positive charge) by one unit, but, owing to the negligible mass 
of an electron, will leave the atomic weight unchanged. On 
pursuing the investigation of the radium disintegration series 
farther, one finds the following series of changes : 

radiiim-B radmm-C — radium — radium-U 

B-my B-my a-ray 

Atomic weight . 234 214 214 210 

Atomic number . . 82 83 84 82 

radmm-I) — radium-E radinm-E — >- xadium-G- 

8-ray 5-ray a-ray 

Atomic weight ... 210 210 210 206 

Atomic number ... 82 83 84 82 

Radium-D and radium-G, therefore, with their varying atomic 
weights, have the same atomic numbers as radium-B and lead. 
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Elements which have the same atomic luimlxn* (and therefore 
the same chemical properties), but (hUcreui. atomic weights, 
were called by Soddy, isotopesy Ha-dixim-B and radium-1) are 
therefore isotopes of lead. 

Radium-Gr and also the final product of radioa,clivc dis- 
integration of thorium have been idcntiliod wiili the element 
lead. They have all the same atomic numlx'r. On (^aIculating, 
howevei% the atomic weight of the lead formed by tfie dis- 
integration of radium, one finds the value 20(5, wlmreas the lead 
formed from thorium is calculated to have the atomic weight 
208-4, a very different value. Soddy, therefore, mack^ the bold 
prediction that investigation would show that tlxe atomic^ weight 
of lead present in uranium minerals is greater hha.u that of lead 
contained in thorium minerals, or, generally, that the atomic 
weight of lead will depend on its provenance, Tlu^ prc^diction 
was amply proved correct, and atomic weight detertninations 
carried out by some of the most accurate work(a\s in hingland, 
America, France and Germany yielded values which varied from 
206-08 to 207-694. One cannot, therefore, escape the con- 
clusion that ordinary lead is a mixtxiro of isotopes of different 
atomic weights, and that the atomic weight v^alue, 207-2, is 
merely an average value. 

The occurrence of isotopes is not confiiu'd to th(' products 
of radioactive disintegration, but is met with also in th(' case of 
many of the ordinary elements. By means of ati (‘h'ctrical 
method devised by Sir J. J. Thomson and improved by F. W. 
Aston, of the University of Cambridge, it has boon found 
possible to determine, with very considerable accairacy, the mass 
of the positive nuclei, and therefore the mass of tlie atoms of 
different elements. By this method of positive ray analysis, 
as it is called, Aston has shown that if the atomic weight of 
oxygen be represented by the number 16, the atomic weights of 
all other elements are to be represented by whole numbers^ e,g. the 
atomic weight of helium by 4, of carbon by 12, of nitrogen by 14, 
etc., values which, it is true, *are identical with the atomic weights 
as determined by chemical methods. In the case of bhose ele- 
ments which yield fractional atomic weights when -determined 
chemically, Aston has shown that the element, as it is obtained 
by the chemist, is not simple, but consists of a mixture of isotopes, 
the atomic masses of which are represented by whede numbers. ^ 

^ From the Greek taos (isos), the same, and tottos (topos), ptacc. The signi- 
ficance of the term is that isotopes occupy the same place in the periodic 
classification. 

® Hydrogen with an atomic mass of 1-OOS is an exception. There are also 
slight divergences in the case of other elements, the explanation of which cannot, 
however, be discussed here. 
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Thus, cliloiTxie, the atomic weight of which as determined by 
chemical methods, is 35*46, was found to be a mixture of two 
isotopes having atomic weights of 35 and 37 respectively, mixed 
together in the proportion of 3 to 1. The two isotopes have the 
same number of planetary electrons (namely, 17), and are there- 
fore chemically identical, but, in one case, the nucleus consists 
of 35 protons and 18 electrons, while, in the other case, it consists 
of 37 protons and 20 electrons. Similarly, argon, with an 
atomic weight of 39*88, is a mixture of isotopes having atomic 
weights of 36 and 40 ; and krypton (atomic weight = 82*92) is 
a mixture of no fewer than six isotopes, the atomic weights of 
which are 78, 80, 82, 83, 84 and 86. 

Philosophically, it is clear, the claim can no longer be made 
that the atomic weights of the elements are fundamental constants, 
for the existence of isotopes, with their integral atomic weights, 
shows that the fractional atomic weights are merely average 
values for mixtures. And yet, for practical purposes, the atomic 
weight has lost little of its former importance in chemistry, for 
the simple reason that nature, apparently, mixes the isotopes in 
constant, or practically constant, proportions. Thus, chlorine, 
from wliatever source it is obtained, shows no appreciable 
diffez'eucc in the proportions in which its two isotopes are mixed. 
In the case of lead, it is true, whicli can be formed by the dis- 
integration of di fibre nt radioactive elements as well as in other 
ways, the values of the atomic weight (and therefore the pro- 
portions in’ whicli the isotopes are mixed) may vary considerably. 
So far as known, however, this behaviour is exceptional. 

The jiossibility of obtaining the different isotopes of lead, 
or different mixtures of isotopes, compels us to accept the law 
of fixed proportions in chemical combination with a certain 
reserve ; for, in the case of lead chloride, the proportion of lead 
to chlorine by weight will obviously depend on which isotope of 
lead is used. This, fact, however, does not destroy the general 
validity of the law of fixed proportions. 

Electronic Constitution and Valency. — The conception of 
an atom as a complex structure formed by a positively charged 
nucleus surrounded by planetary electrons furnishes a theoretical 
basis for ’the doctrine of valency, which, as we have seen, was put 
forward as an empirical doctrine descriptive of the combining 
capacity of atoms. As one passes from element to element, the 
number of positive charges on the nucleus, and therefore the 
number of planetary electrons, increases at each step, as we 
have seen, by unity ; and as the number of planetary electrons 
increases, the orbits in which they are regarded as revolving, 
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group themselves on the surface of concctitric s[jliere.s or shells. 
In chemical combination it is the electrons ol the outermost shell 
that are involved. 

Although differences of opinion exist as to the arrangement 
of the planetary electrons, the study of the propertic's of the 
elements has led to the generally accepted conclusion that the 
arrangements found in the case of the inert gases of the helium 
series are specially stable, and that in the case of all these gases, 
except helium, there are eight electrons in the outermost ring, 
forming what is known as an octet. That is, maximum stability 
and chemical inactivity are found when the outermost ring 
contains eight electrons. Such elements have zero valency. 
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Fig. 11. — Diagrammatic representation of atomic constitiitioii. 

Helium, which has the atomic number 2, has two [ilanetary 
electrons, and the system which is formed is presumably a very 
stable one. When, in the case of lithium, a third j)lanetary 
electron is added, it does not enter into the already existing 
ring, which is very stable, but begins to form a new ring ; and 
with each successive element, one electron is added to this 
second ring (Fig. 11). Thus, beryllium has two electrons in the 
outer ring, boron three, carbon four, nitrogen five, oxygen six, 
fluorine seven, neon eight. The octet is now complete ; the 
system is one of maximum stability, and zero valence. On 
passing to the next element, sodium, with atomic number 11, a 
new ring of electrons is begun, and becomes complete in the case 
of argon, in which the electrons are arranged in three rings or 
shells containing respectively 2, 8 and 8 electrons. With 
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potassium, a fourth shell of electrons comes into existence ; and 
as one proceeds to elements of higher and higher atomic number, 
additional electrons arc added to the ring. Complications, 
however, also begin to arise, the discussion of which would lead 
as too far. 

The manner in which the planetary electrons are built up 
into shells, with a maximum of eight in the outermost shell, 
furnishes a physical basis for the doctrine of valency. Chemical 
combination can be regarded as due to the transfer of electrons 
from one atom to another and the production of electrostatic 
charges which bind the atoms together. In these reactions it 
is the electi'ons of the outermost layer which are involved, and 
valency can be regarded as an expression of the number of 
electrons which an atom must gain or lose in order to form a 
system -with an outermost ring of eight electrons, or in order 
to assume the structure of the nearest inert gas. The sodium 
atom has one electron in its outermost shell, and it readily 
gives up this electron so as to form a positively charged system 
having the electronic constitution of neon. Chlorine, on the 
other hand, which has seven electrons in its outermost shell, 
readily takes up one electron to complete the octet, thereby 
forming a negatively charged system having the electronic 
arrangement of the inert gas, argon. Combination between 
sodium and chlorine can readily occur by the transfer of one 
electron from the sodium atom to the outer shell of the chlorine 
atom. By the loss of an electron the sodium atom acquires a 
positive charge, and by the gain of an electron, the chlorine atom 
acquires a negative charge ; and union takes place by electro- 
static attraction. In this reaction, the sodium and chlorine 
atoms act as univalent atoms, the sodium, however, being 
electropositive and the chlorine electronegative. Similarly, 
calcium which has two electrons in its outermost shell, can give 
up these electrons and so act with a valency of two ; oxygen 
with six electrons in its outermost shell can take up two electrons 
to complete the octet, and it also is bivalent. Nitrogen with 
five electrons in the outermost shell can take up three more, 
and so exhibit a valency of three ; and so on. The valency 
which is thus manifested by the transfer of electrons, is known 
as electrovalency , 

Chemical combination, however, may also take place by the 
sharing of electrons by atoms {co-valency')^ and in some cases, 
there may be a manifestation of both electrovalency and of 
co-valency. In such cases, atoms show a variable valency. The 
full consequences of this electronic theory of valency have still 
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to be worked out, and tlic brief survey which lias been given 
must suffice. 

Transmutation and Sub -atomic Energy. — Modern views 
regarding the constitution of matter and the discovery, more 
especially, of the phenomena of radioactivity, place in a new light 
the question of the transmutation of the elements, tlie achieve- 
ment of wliich was one of the great aims of the mediaival alchemist. 

Whether the elements such as we know them at the present 
day represent the halting points in a process of disintegi'ation 
of more complex elements, or of integration from simpler units 
of matter, they appear to consist, for the most part, of stable 
atomic systems. In the case of the radioactive elements, how- 
ever, we have atomic systems which pass into a condition of 
instability in which the nucleus of the atom undergoes a process 
of disintegration with the production of simpler atomic structures. 
In this way, a transmutation, not of lead to gold but of radium 
or of thorium to lead, takes place. The process of l.ransmutation 
is spontaneous, and is not only a very slow one but is cpiite uncon- 
trollable by man. 

During radioactive transformations, great sinres of energy 
existing in the atomic nucleus are set free. Idiis sub-atomic 
energy is enormous compared with the (mergy libc'ratod in even 
the most intense chemical reaction. It has been cahailated, for 
example, that one pound of radon would, during its brief life of 
a few months, give out an amount of energy equal to that of an 
engine working at 128,000 h.p. for one day, ot* an amount of 
energy which is many million times greater than that given by 
an equal weight of the most powerful explosive known. 

The discovery that large amounts of energy are libei^ated 
by the disintegration of radioactive substances, stirred the 
imagination and gave rise to the belief that in the complex atomic 
systems, the structure of which has been discussed in the pre- 
ceding pages, there must exist inconceivably great, untapped 
and formerly unsuspected reservoirs of energy, compa-red with 
which the energy of combustion of all our fuel reserves is quite 
trifling. If one could only gain control of all the sub-atomic 
energy, or could control the process of atomic disintegration so 
as to bring it about at will, then, it was thought, untold stores 
of energy would be available to carry on the work of the world 
when the reserves of coal should be exhausted ; or which, in the 
hands of the evilly-disposed, would suffice to shatter the globe.* 
Neither this hope nor this fear, however, appears to be well- 
founded. For, apart from the few which are radioactive and 
which undergo spontaneous, uncontrollable disintegration, the 
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great majority of tlie elements are in a state of maximum 
stability, and are incapable of undergoing disintegration with 
liberation of energy. In fact, in order to break down the atoms 
of these elements, large ainounts of energy must be expended 
on them. 

The disintegration of elements was first experimentally 
realised in 1919 by SirKrnest Rutherford, who found that when 
the atoms of nitrogen are bombai*ded by alpha particles, some 
of these particles, which are projectiles of great kinetic energy, 
registered direct hits against the nucleus of the nitrogen 
atoms and broke these up into hydrogen and helium. A few of 
the other elements have been similarly transmuted.^*’ Although 
the amount of matter transmuted was infinitesimally small, 
yet the results so obtained are of great scientific interest as being 
the first cases of controlled transmutation of the elements. 
Dalton’s aphorism : Thou knowest no man can split an 

atom,” has now lost its point. 

Attempts to bring about a transmutation of elements, not 
by a disintegration of the nucleus but by introducing an electron 
into the nucleus, have also been made ; and the claim has been 
put forward by several investigators that such a transmutation 
has been effected. Thus, it has been claimed that mercury, with 
the atomic number 80, has been transmuted into gold, with the 
atomic number 79 ; and the transmutation of lead to mercury 
has also been claimed. Both these claims, however, have been 
shown to be founded on error. Whatever the future may bring 
forth, it may safely be predicted that should the transmutation 
of lead to gold ever be effected it will be so only by the expenditure 
of energy infinitely greater in value than the gold obtained. 



CHAPTER VII 
THE THREE STATES OF 

Matter, we are accustomed to say^ exists in tiuj tiirce pliysical 
states, the gaseous^ the liquid and the solid or (as wci oiigiit rather 
to call it) the c ri^staU hie . These different states of matter, as 
we know, can pass one into the other when tlui external con- 
ditions are altei*ed. A crystalline solid, e,g, ic;e, j)asses, when 
heated, into a liquid, water; a liquid, when heated, passes into 
a gas or vapour ; and the reverse changes take placxi on lowering 
the temperature. One can distinguish hetwcam tlu'sc' three 
states by the fact that a crystalline piece of matter Jjias a defiiiitc 
volume and form, a liquid has a definite volume but not a dehnite 
form, and a gas has neither a dcJSnite volume nor a defiiutci form. 

The Gaseous State 

The term gas was coined by Jean Baptiste van IIklmont, 
a distinguished iatrochemist and alchemist who was boim at 
Brussels in 1577, and died in 1644. The word was formed from, 
and may indeed be regarded as a phonetic transcTiption of, the 
Greek word (chaos i), something without form and 

void.’’ In Dutch, the language at that time of Brusseds, the 
letter g has a guttural sound, similar to that of the (ireek letter 
X (chi). ^ 

In his views regarding disease and the use of drugs, van 
Helmont was a follower of Paracelsus, and it may be that the 
words of the founder of iatrochemistry : Air is nothing more 

than a chaos. AVhat air is, that is chaos. The elciiient air is 
named chaos,” were the inspiration of van Helmont’s happily 
coined expression. Before that time, gases and va^murs, the 
formation of which in the processes of calcination and dis- 
tillation must have been recognised by the early alchemists and 
chemical craftsmen, were called, generally, by the names 
spirit ” (Eat. spiritus') and air.” 

Until 1669, when the English physician, John Mayow (1640- 

1 The ch IS pronounced as in the Scottish and German Loc7i. 
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1679), recognised that there exist various gases other than 
atmospheric air, chemists had thought of the different gases as 
being air containing various impurities ; and it was only after 
Stephen Hales (1677-1761), perpetual curate of Teddington, 
Middlesex, and famous for his work in plant physiology, had 
devised an apparatus for the collection of gases evolved in 
chemical reactions, that progress was made in the preparation 
and study of gaseous substances. In the apparatus devised by 
Hales, which is the foreimnner of the modern pneumatic trough, 
a glass globe, filled with water, was suspended in an inverted 
position with its mouth below the surface of the water contained 



Fig. 12. — Hales’ apparatus for collecting gases. 


in a basin (Fig. 12). The tube conveying the gas from the 
retort or other apparatus opened under the mouth of the globe, 
and the gas, rising into the globe, displaced the water. By 
using mercmy, Priestley was able, at a later time, to collect 
gases which are soluble in water. 

Diffusion. — One of the most striking properties of a gas is 
that of filling uniformly any space’ that may be offered to it, no 
matter how large that space may be. In this respect a gas 
differs markedly from both liquids and solids. This property 
of diffusion makes itself evident, moreover, not only when a gas 
is allowed to diffuse into a vacuous space, but also when the 
space is already filled with another gas. This is really a very 

E 
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familiar fact, for when the tap of a coal-gas burner is opoiwd, or 
when some other evil-smelling gas, such as sulphuretted hydrogen, 
is allowed to escape, we know that in a comparatively short time 
the smell of the gas will be perceptible throughout (wen a large 
room. Whenever a vessel containing a, gas is opetual, the gas 
will escape and pass out of the vessel, Jikc the Jinn from the 
brass bottle m the Arabian Nights. 

Diffusion of a gas, moreover, can take place against the action 
of gravity, as a simple experiment will clearly demonstrate. 
If a glass bulb containing bromine be broken, by means of a. rod, 
at th^e bottom of a closed cylinder containing hydrogxni, it will 
soon be seen that the heavy brown va,pour passes upwards to 
the top of the cylinder, although the bromine va[)our is many 
times more dense than hydrogen. 

The property of diffusion is one of much practical importance. 
Owing to diffusion, for example, marsJi gas, escaf)ing from the 
coal-measures, mixes with the air of the mine and ])roduces the 
liighly explosive ‘‘‘‘ ffre-damp,*’’ which has been the cause' of many 
colliery disasters. On the other hand, diffusion assists venti- 
lation and helps to keep fresh the air of rooms ; and it prevents 
the dwellers in large cities, also, from being suffocated by the 
, permanent accumulation of heavy poisonous gases which (vse^apo 
from the exhaust of motor cars or which are producx'd in various 
industrial processes. 

Although the fact that diffusion takes place had bec'n known 
for some time, it was not till 1829 that it was diKS<*,overcd by 
Thomas Graham (1805-1869) — who was, successively, L<'cturcr 
on Chemistry at the Andersonian Institution (now the Royal 
Technical College), Glasgow, Professor at University College, 
London, and Master of the Mint — ^that there is a, (‘onnectioji 
between the rate at which diffusion takes place and the density 
of the gas ; and, in 1883, as the result of special expc'riments 
which he carried out, Graham was able to enunciafc' the caw 
OF DIFFUSION OF GASES. This law, generally known as Graham'’s 
law, states : The velocity of diffusioji of a gas is inversely pro- 
portional to the square root of the density. The lower the density 
of a gas, the more rapidly does it diffuse. 

Since the density of oxygen is 15*88 times as great as that of 
hydrogen, it is found, in accordance with Grahanfs law, that 
hydrogen diffuses more rapidly than oxygen in the ratio of 
V15-88 to VL That is, hydrogen diffVises vex*y nearly four 
times as rapidly as oxygen. Similarly, since the density of 
atmospheric air is 14*4 times as great as that of hydrogen, the 
latter gas will diffuse 8*8 times as rapidly as air. 
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The fact that liydrogen diffuses with rel^tifek ' greater 
velocity than air is clearly demonstrated by a simple aM‘‘Tam£lhrr 
experiment. The porous pot, A (Fig, 13), is connected by meanJ’ 
of a glass tube with the bottle, B, which is 
filled with coloured water. At the com- 
mencement of the experiment, the porous 
pot and connecting tube are full of air. A 
beaker is then inverted over the porous pot, 
as shown in the illustration, and hydrogen 
gas is passed, by means of a tube, into the 
inverted beaker — hydrogen being much lighter 
than air. In a very few moments, owing to 
the fact that the hydrogen diffuses into the 
porous pot more rapidly than the air can 
diffuse out of it, the pressure inside the pot 
is increased and the water is forced out 
through the j et, C, in the form of a miniature 
fountain. 

Boyle’s Law. — Repeatedly, in the history 
of science, it has happened that important Fio. 13.-— Diffusion, 
advances or discoveries have been due, 
directly or indirectly, to the invention or perfection of some piece 
of apparatus ; and it is to the invention of the air-pump by 
Otto von Gcrricke in 1650 that we owe the 
discovery by Boyle, ten years later, of the rela- T 
tion between the volume of a gas and the pressure 
to which it is subjected. Boyle was led to study 
this question by observing that when a partially 
inflated lamb'’s bladder was placed in the receiver 
of an air-pump, from which the air was then 
exhausted, the bladder became distended. The 
air appeared to possess, therefore, a certain 
elasticity or spring,*” as Boyle called it, as if 
the particles, or molecules, composing it were p, A 

little springs which could expand or contract 
according as the pressure bn them was diminished 
or increased. In order to ascertain quantitatively m ■ B 
how the expansion and contraction varied with 

the pressure, Boyle carried out what was really Boyle’s 

a very simple experiment. The bend of a glass tube, 

tube, such as is shown in Fig. 14, was filled with 
mercury so as to enclose, in the shorter limb of the tube, a 
certain volume of air under the ordinary pressure of the atmo- 
sphere. This pressure, at the time of the experiment, was 
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found to be that of 29| inches of mercury. The length of the 
space AB was measured, and mercury was then poured, in 
successive portions, into the open end of the tube. After each 
addition of mercury, the length of the air space and the difference 
of level of the two surfaces of mercury were determined. If the 
tube be of uniform bore, the volume of air in the closed limb of 
the tube will obviously be proportional to the length of the air 
column, and one can therefore ascertain how the volume of air 
varies with varying pressure, as measured by the difference of 
level of the mercury surfaces. Some of the values obtained by 
Boyle are given in the following table : 


Length of air spac3 

Difference in level 

Pressure in inches of 

in inches. 

of mercury surfaces. 

mercury. 

12 

0 

m 

10 


6A+29*=35* 

9 


10*+29* = 39* 

8 

16* 

15*+29i^, = 44* 

7 

21* 

21*+29*=50* 

6 

2911 

29H + 29*=68*« 


From these numbers it is at once seen that the lengtli of the 
air space is reduced from 12 to 6 inches when the pressure on the 
gas is increased from 29 J to 58}-^ inches of mercury ; that is, 
the volume is diminished to one-half when the pressure is doubled. 
In other words, the volume has varied inversely as the pi'cssure. 
If this relationship holds in the other cases, then the values of 
the pressure multiplied by the corresponding values of the volume 
must give a constant number. Let us see if this is the case. 
We have, 

12x29^ =349J 
10 X 35^^ =353 J 
9x393:'|j=353}H 
8x443:^^=353^ 

7x50Pc==352,i. 

6x58p^^ = 352J 

As we see, the products are constant, with slight deviations 
which may be attributed to experimental errors. 

Boyle also found that when the pressure was reduced, the 
volume increased, and he was thus able to sum up the behaviour 
of a gas in the general law : When the temperature is kept constant 
the volume of a given mass of gas is inversely proportional to the 
pressure ; or the product of pressure and volume is constant. This 
is known as Boyle’s law, and may be expressed algebraically 
in the form, ^9?:?= constant. 

This inductively derived law was established by Boyle only 
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in the case of air and for comparatively small changes of pressure ; 
and it was not until after the first quarter of the nineteenth 
century that the behaviour of other gases was investigated. As 
a result of all the determinations which have been made, then 
and at more recent times, it has been found that Boyle’s law 
holds for all gases, independently of the specific nature of the 
gas. It is a general property of gases. The law, however, is 
valid only for small changes of pressure ; and when the variations 
are greater, say, by several atmospheres or more, deviations 
from the law are found in all cases, and more especially in the 
case of those gases which can be easily liquefied. For most 
practical purposes, however, Boyle’s law is sufiiciently accu- 
rate. 

Gay-Lussac’s Law. — The volume of a gas varies not only 
with the pressure but also, 
and to a very marked ex- 
tent, with the temperature. 

It is a familiar fact, and one 
which has been known for 
a very long time, that air 
expands on being heated. 

Even as far back as 100 
B.C., the expansion of air 
on being heated was utilised 
by Hero of Alexandria for ^ 
the automatic opening and 
closing of a Temple door, 
by means of the arrange- 
ment shown in Fig. 15. 

When a fire is kindled on 
the altar ADE, the air is 

caused to expand, and, Fig. 15 . — Hero’s device for automatically 
passing through the com- opening a Temple door, 

municating tube FG, forces 

water from the vessel H into the bucket XN, which is thereby 
caused to fall and, in doing so, rotates two pillars which cause 
the door to open. When the fire on the altar is extinguished, 
the air contracts and the water is drawn back from the bucket 
into the vessel FI. A counterpoise causes the empty bucket to 
rise and also rotates the pillars so as to shut the door. 

In 1787, the French physicist, Jacques Alexandre Charles 
(1746—1823), who was the first successfully to use hydrogen for 
filling balloons, found that oxygen, hydrogen, carbonic acid and 
air expand equally between 0° and 80° C., and the French chemist. 
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Joseph Louis Gay-Lussac ^ (1*778— 1850), in 1802, not only con- 
firmed this but determined the amount of expansion which takes 
place. As a result of his measurements he was able to enunciate 
the law : When the pressure is kept constant, all ga,scs expand 
or contract by ^ 7 .^ of their volume atO"" for each rise or fall of 
1 "^ C. If this law were valid to indefinitely low temperatures, 
the volume of a gas would become zero at — 273° C. This is, 
of course, fictitious, as all gases pass into tlie liquid or solid state 
at temperatures above this, but it gives us the zero point of a new 
and, for many purposes, very useful scale of temperatures, known 
as the absolute scale. The temperature —273° C. is known as 
the absolute zero, and temperatures measured from this point 
are spoken of as absolute temperatures. The temperature on 
the absolute scale is therefore equal to the temperature on the 
centigrade scale plus 273 ; that is, f 

By adopting the absolute scale of temperature, the law of 
Gay-Lussac can be expressed in a much simpler form : At 
constant pressure^ the volume of a given mass of gas is 'proportional 
to the absolute temperature. 

Bearing in mind that the volume of a gas is inversely propor- 
tional to the pressure, and that the volume is directly proportional 
to the absolute temperature, Boyle^s law and Gay-Lussac'’s law 
can be combined in the simple algebraic expression 

y) 7 ;=constantX T, 
pv 

or ^ =constant 5 where T represents the temperature on the 

absolute scale. This expression is a succinct statement of the 
law that in the case of any given mass of gas, the product 
of the pressure and volume of the gas divided by the absolute 
temperature gives a constant value no matter what the particular 
values of the pressure, volume and temperature may be. 

It will be clear that if a gas is enclosed in a vessel so that it 
cannot expand, then on raising the temperature the pressure 
must increase; and the algebraic expression which has just 
been given shows that, under these conditions, the increase of 
pressure is proportional to the absolute temperature. 

The following example, relating to a matter of everyday 
interest, will illustrate the application of this law. At night, 
when the temperature is, say, 50° F., a motor-car tyre is inflated 

^ Of Gay-Lussac, who, from 1809 onwards, was Professor of Chemistry at the 
Eeole Polytechnique and Professor of Physics at the KSorhonno, Paris, Sir 
Humphry Davy wrote in 1813: ‘‘Gay-Lussac was quick, lively, ingenious and 
profound, with great activity of mind, and great facility of manipulation. I 
should place him at the head of the living chemists of France.” 



THE THREE STATES OE MATTER 


103 


to a pressure of 30 lbs. per square inch. During the day, the 
temperature rises to 80"^ F. What will then be the tyre pressure ? 
Converting the temperatures on the Fahrenheit scale, i we have 
50° F.=10° C.=283° A., and 80° F.=26*7° C.=299*7° A. Since 
the pressure at 283° A. =30 lbs., the pressure at 299*7° A. will 
30X299*7 

— 283”^ =31*8 lbs. 


Normal Temperature and Pressure. — Since the volume of a 
gas varies both with temperature and pressure, it wilt be clear 
that the volume of a given mass of gas will have a definite value 
oiily when the pressure and temperature are defined or specified. 
To render the comparison of gas volumes more easy, it is cus- 
tomary to reduce all volumes to standard or normal conditions 
of temperature and pressure, and as such one takes 0° C. (or 
273° A.), and the pressure of 1 atmosphere, which is assumed to 
be equal to the pressure of a column of mercury 76 cm. in height. 
These standard conditions are represented by N.T.P. (normal 
temperature and pressure). 

The calculation of the volume of a gas at N.T.P. from the 
volume measured under other conditions, will be illustrated by 
the following example : 

A given mass of gas occupies a volume of 250 c c at 16° C. 
and under a pressure of 77 cm. of mercury. What would the 
volume be at N.T.P. 

Since the volume is directly proportional to the absolute 
temperature and inversely proportional to the pressure, the 
volume at N.T.P. will be 


S89X76 

Kinetic Theory of Gases.— Can these laws of the behaviour 
of gases which have just been discussed, be related in any way 
to the general constitution of gaseous matter ? What general 
conception, what hypothesis can be formed regarding the 
nature of a gas, such that the laws of difiFusion, of Boyle, etc., will 
follow as natural consequences ? 

At one time the hypothesis was made that the particles of a 
gas repel one another, and one sought by means of this hypo- 
thesis to explain or account for the phenomenon of the 
diffusion of gases. On the basis of this hypothesis, however, it 
was not found possible to deduce, as a natural consequence, the 
quantitative behaviour of a gas. Last century, another hypo- 
thesis, which had first been suggested in 1738 by Daniel 

1 See Appendix. 
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Bkrkoulli (1700-1782), of Basle, and at various later times also 
by others, was worked out more especially by the German 
physicist, Rudolf Clausius (1822—1888), in 1857, and by the 
English physicist, James Clerk Maxwell (1831—1879), in 1860. 
According to this hypothesis, matter in the gaseous state is 
composed of particles — the molecules of Avogadro — and these 
particles or molecules are assumed to be in rapid movement, 
darting about in straight lines with the speed of something like 
a mile per second, colliding ever and anon — some eighteen 
thousand million times a second — with other molecules, and 
pursuing, therefore, as a result of these collisions, a very zigzag 
course. It is by virtue of this motion which, according to the 
hypothesis, is inherent in the molecules, that a gas can dis-* 
tribute itself or diffuse rapidly throughout all the space wliich 
may be offered to it. That diffusion does not take place more 
rapidly than is actually the case, considering the very great 
velocity with which the molecules move, is of course due to the 
fact that the molecules are in constant mutual collision. 

Moreover, the molecules, in their flight, strike against the 
walls of the containing vessel, and it is the bombardment of the 
walls of the vessel by the rapidly moving molecules of the gas, 
that constitutes the pressure of the gas. 

The kinetic hypothesis, further, assumes that the increase of 
pressure of a gas with rise of temperature (the volume being kept 
constant) is due to an increase in the velocity of straight-line 
motion of the molecules, or to an increase in their kinetic 
energy, i 

Such is the kinetic hypothesis of the constitution of a gas, 
and it was shown by Clausius and by Clerk Maxwell how this 
hypothesis could be developed mathematically into a theory 
which accounts not only qualitatively but also quimtitatively for 
the behaviour of a gas. On the basis of this theory, one can 
deduce not only the law of diffusion, but also Boyle'^s law and 
the other laws of gases. 

It is of interest, also, to note that the kinetic theory enables 
one to define the concept of temperature, by associating tem- 
perature with the kinetic energy of the molecules. According 
to the kinetic theory, the temperature of a system corresponds 
with a certain value of the mean kinetic energy of the molecules ; 
and two bodies have the same temperature when the mean kinetic 
energy of their molecules is the same. 

Molecular Theory. — Since, in the case of the kinetic theory, 

^ The kinetic energy of a particle is given hy the expression where m 

IS the mass of the particle and v the velocity of motion. 
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it is with molecules and not with atoms that we are concerned, 
it is of interest to enquire how the theory of molecules arose. 

For the purpose of determining the composition of atmo- 
spheric air, a method had been introduced by the Italian physicist 
Volta, whereby a definite volume of air was mixed with hydrogen 
and the mixtui'e exploded by means of an electric spark. Since 
by this means the oxygen of the air was removed by combination 
with hydrogen, the success of the method depended on a know- 
ledge of the proportions by volume in which the hydrogen and 
oxygen combine. This ratio was determined in 1805 by Gay- 
Lussac, in collaboration with the German scientist and explorer, 
Alexander von Humboldt (1769-1859), who was at that time 
resident in Paris ; and it was found that two volumes of 
hydrogen combine with one volume of oxygen to form water. 
Impressed by the simplicity of the relative proportions thus 
found, Gay-Lussac extended his investigations to other gases, 
and in 1808 he was able to summarise his results in the form 
of a law, now known as Gay-Lussac‘’s law of combination of gases 
BY volume, which may be stated in the words : Gases combine 
with one another by volume in the ratio of whole numbers^ and generally 
small whole numbers ; and the volume of the product ^ if gaseous^ 
bears a simple ratio to the volumes of the reacting gases. The 
volumes of the different gases must, of course, be measured 
under the same conditions of temperature and pressure. 

In illustration of the above law, we give the following cases : 

2 volumes of hydrogen combine with 1 volume of oxygen 
to give 2 volumes of water vapour. 

1 volume of hydrogen combines with 1 volume of chlorine 
to give 2 volumes of hydrogen chloride. 

1 volume of nitrogen combines with 3 volumes of hydrogen 
to give 2 volumes of ammonia. 

The atomic theory of Dalton, we have seen, was introduced 
for the purpose of explaining the laws of combination by weight, 
and since it serves this purpose satisfactorily, it was only natural 
to attempt to employ it also as a basis for the explanation of 
the law of combination of gases by volume. According to the 
atomic theory, elements unite in atomic proportions which are 
represented by whole numbers — often small whole numbers ; and 
since, according to Gay-Lussac'^s law, gaseous elements combine 
in simple ratios by volume, it seemed clear that there must be 
some simple relation between the number of atoms in equal 
volumes of reacting gases. What then is that relation ? 

The simplest hypothesis which suggested itself is that equal 
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volumes of gases (under the same conditions of temperature and 
pressure) contain the same number of atoms, the term atom 
being employed for the smallest particle of an element or of a 
compound. If this suggestion is tested, however, it is at once 
found to be unsatisfactory. For, let it be supposed that in a 
certain volume which we shall call unit volume, there are n 
atoms, then in the case of the combination of hydrogen and 
chlorine to form hydrogen chloride, we should have : 

I volume of hydrogen+1 volume of chlorine give 2 

volumes of hydrogen chloride. 

II atoms of hydrogen+n atoms of chlorine give atoms 

of hydrogen chloride, 

or, 1 atom of hydrogen + 1 atom of chlorine give ^ atoms of 
hydrogen chloride. 

Each “ atom ” of hydrogen chloidde, however, must contain at 
least one atom of hydrogen and one atom of cJiIorine, and we 
should therefore have to assume that the original atom of 
hydrogen and of chlorine must have split into two. From the 
point of view of the atomic theory, this is, of course, the reductio 
ad absurdum. 

The difficulty thus encountered was a serious one, but in 1811 
it was surmounted by the Italian physicist, Amkdko Avooadko 
(1776-1856), who was, like Dalton, a schoolmaster, and was, at 
a later time, honoured by being called to fill tlie Chair of Physics 
specially established for him in the University of his native town, 
Turin. Avogadro drew a distinction between afoms^ or the 
smallest particles of an element which can take part in a chemical 
reaction, and molecules^ or the smallest particle of a substance, 
element or compound, which can exist free in a gas, or, as is 
generally said, which can exist in the free state. Even in the 
case of elements, Avogadro assumed, these molecules or free 
particles may consist, not of single atoms but of groups of like 
atoms; and he pointed out that a simple connection could be 
obtained between the laws of combination by weight and by 
volume if it is postulated that equal volumes of all gases (ele- 
mentary or compound)^ when under the same conditions of tempera- 
ture and pressure^ contain the same number of molecules. 

Adopting the hypothesis of Avogadro, we can say : 

n molecules of hydrogen molecules of chlorine give 
%n molecules of hydrogen chloride, 
or, 1 molecule of hydrogen+1 molecule of chlorine give 2 
molecules of hydrogen chloride. 

^ Diminutive of Latin moles ^ a largo mass. 
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If it be uow assumed tliat ctich molecule of hydrogen and of 
chlorine contains two atoms, conflict with the atomic theory is 
avoided, for we can then say : 

1 molecule containing S atoms of hydrogen combines with 
1 molecule containing 2 atoms of chlorine to give 2 
molecules of hydrogen chloride, each of which contains 
1 atom of hydrogen and 1 atom of chlorine ; or, using 
symbols and formulae, we can write : 

Hg + Clg = 2HC1 



Am^3DBO Avogadro. 

Froin a sculpture by Pietro Canonica, 


The assumption which has just been made, that the molecule 
of hydrogen and of chlorine each consists of two atoms, is the 
simplest assumption that can be made. Since it is also sufficient 
to account for, or explain, the facts, it is accepted as true. No 
other facts, moreover, are known which are not in harmony 
with this assumption. 

Similarly, assuming the molecule of oxygen to consist of two 
atoms, we can write : 
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2 volumes of hydrogen +1 volume of oxygen give 2 volumes 
of water vapour, 

or, 2 molecules of hydrogen +1 molecule of oxygen give 2 
molecules of water vapour, 
or, in symbols, 

2H2 + 02 = 2H2O 

Although in the case of the three gases hydrogen, oxygen 
and chlorine, the assumption that the molecule consists of two 
atoms has proved satisfactory, other cases are known in which 
one must conclude that the molecule consists of only one atom 
{e.g, helium, argon, etc.), or of three or of four atoms. 

The hypothesis of Avogadro rounded off and completed the 
atomic theory of Dalton, and made it possible to surmount the 
difSculties of reconciling the laws of combination by weight and 
by volume. And it did more ; it made it possible for the atomic 
theory to survive and to become of value in chemistry. The 
molecule became, as we shall learn latci', the basis of reference 
for the atom, and the molecular weight a means of defining the 
atomic weight. Although the molecular hypothesis is, therefore, 
of fundamental importance in chemistry, this importance was 
not recognised by contemporary chemists. The molecular 
theory met not so much with opposition as with neglect ; it was 
not rejected, it was ignored. And the reason is not far to seek. 
Like many another hypothesis, the hypothesis of Avogadro was 
born somewhat out of time, before knowledge was sufficiently 
advanced to give it confirmation or fully to realise its applications. 
For a theory, in order to be accepted, must find adequate experi- 
mental support and must not only explain the special law or 
phenomenon for which it is invented, but must show itself 
capable of wider application and of predicting new and indepen- 
dent laws and phenomena. And so it happened that it was 
not till 1858, by which time an adequate experimental basis had 
been laid by the organic chemists, that the value of the Avogadro 
hypothesis was made clear through its exposition and advocacy 
by Avogadro’s fellow-countryman, Stanislao Cannizzaro (1826- 
1910), at that time Professor of Chemistry in the University of 
Genoa. Since then, the molecular hypothesis of Avogadro has 
been recognised as the corner-stone of chemical science. 

Gas Density and Molecular Weight.— The importance 
of A.vogadro’s hypothesis depends not only on the recon- 
ciliation of the laws of combination by weight and by volume, 
but also on the fact that it points the way to a method of deter- 
mining the relative molecular weights of gaseous substances. 
The relative weights of a given volume of different gases, at 
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the same temperature and pressure (generally at N.T.P.), 
represent the relative densities of the gases ; and since, in the 
given volume, there are, according to the hypothesis of Avo- 
gadro, the same number of molecules of the diflFerent gases, the 
weights of the molecules must be proportional to the densities 
of the gases, or to the weights of equal volumes. This will be 
clearer, perhaps, if stated in the following equational form ; 

Density of gas A weight of a definite volume of A 

Density of gas B weight of the same volume of B 
weight of n molecules of A 
weight of n molecules of B 

weight of 1 molecule of A 

weight of 1 molecule of B 

Thus, the weights of one litre of hydrogen and of oxygen, 
at normal temperature and pressure, are 0-08987 gram and 1*42900 
gram respectively. If the density of hydrogen is put equal to 
unity the density of oxygen is 15*90 ; or if oxygen be taken as 
the standard and its density put equal to the whole number 
16-00, the density of hydrogen is represented by 1-007.1 xhe 
molecular weights of oxygen and hydrogen must therefore be 
in the ratio of 16-00 : 1*007. 

It has, however, been pointed out that it is necessary to 
assume that the molecule of oxygen consists of two atoms, and, 
therefore, if the atomic weight of oxygen is taken as 16*00, its 
molecular weight, or the weight of the molecule relative to the 
weight of the standard atom taken as 16*00, must be 32-00. 
Consequently, the molecular weight of hydrogen must be 2*014. 
Since this number is equal to twice the atomic weight, it must be 
concluded that the molecule of hydrogen .also consists of two 
atoms. 

On the basis of the hypothesis or postulate of Avogadro, the 
argument can be generalised and we can say : The moleculo/K 
weight of a substafice^ elementary or compound^ in the gaseous state 
is numerically equal to twice the density of the gas^ when the 
density is expressed relatively to the devisity of oxygen equal to 
16-00. 

This extension of the hypothesis of Avogadro is one of 
extraordinary importance, its importance being enhanced by the 
fact that it can be applied to the determination of molecular 
weights not only of substances which are gases under normal 
conditions of temperature and pressure, but also of volatile 

1 The slight deviation of this value from that usually taken as the atomic 
Wjeight of hydrogen (namely, 1 * 008 ) need not concern us here. 
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liquids and solids which can be converted by heat into gases or 
vapours. It was, indeed, the recognition of the value of Avo- 
gadro^s hypothesis as an instrument for the determination of the 
molecular weight of volatile organic compounds, or compounds 
of carbon, that first led to an appreciation of its impoi'tance in 
chemistry. 

General Gas Equation. — In discussing the influence of 
pressure and temperature on the volume of a given mass of gas, 
it was found that Boyle*'s law and Gay-Lussac^s law could be 

pv 

united in the mathematical expression, ^=constant; the value 

of the constant depending, of course, on the mass of gas and 
the nature of the gas considered. On the basis of the hypo- 
thesis of Avogadro, however, this equation can be generalised 
so as to give a constant of definite value in the case of all 
gases. 

In the discussion of the application of Avogadro\s hypothesis 
to the determination of molecular weights, it was learned that 
the weights of equal volumes of oxygen and hydrogen are in the 
ratio of 32*00 to 2-014 ; that is, in the ratio of their molecular 
weights. It follows, therefore, that 32-00 grams of oxygen 
occupy the same volume (under the same conditions) as 2-014 
grams of hydrogen; or, generalising, the volume occupied by 
the molecular weight of any gas, expressed in the same unit of 
weight, is the same for all gases. If, therefore, we know the 
volume occupied by the molecular weight of oxygen expressed, 
say, in grams (the so-called gram-molecular weight)^ we shall 
also know the volume occupied by a gram-molecular weight of 
any other gas under the same conditions of temperature and 
pressure. Since 1 litre (1000 c.c.) of oxygen, at N.T.P., weighs 
1-42900 gram, the volume occupied by one gram-molecule of 

1 X 32 

oxygen (32-00 grams) will be litres. One 

gram-molecule of any and every gas^ therefore^ will occupy a volume 
of 22*4 litree at N.T.P,^ a volume represented by a cube the lengthy 
breadth and heighi of which is 28-2 cm. 

The law which has just been stated makes the calculation 
of the molecular weight of a substance in the state of gas or 
vapour a very simple matter ; for all that is necessary is to 
determine the weight in grams of a given volume of the gas 
or vapour at a known temperature and under a known pressure. 
The volume of this mass of gas at N.T.P. can then be calculated 
by means of the laws of Boyle and Gay-Imssac, and one can then 
calculate the weight in grams of 22-4 litres of the gas at N.T.P. 
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Tlie number so obtained represents the molecular weight of the 
substance. 

For example. A globe having a capacity of 116*6 c.c. was 
filled with a gas (carbon dioxide) at a temperature of 15° C., 
and under a pressure of 77 cm. of mercury ; and the weight of 
the gas was found to be 0*220 gram. 

Applying the laws of Boyle and Gay-I.ussac, one finds the 
volume of the gas at N.T.P. to be 

116*6 x 273 x 77 

288 x 76 c.c 

Since the weight of 112-0 c c. of the gas at N.T.P. is 0-220 graan, 
the weight of 22,400 c.c. of the gas would be 44'0 grams. The 
molecular weight of the gas is therefore 44-0. 

From what has been said, it will be clear that for a gram- 
molecule of any gas, at N.T.P., the values oip, v and T must be 

pv 

the same ; and consequently, the expression i^ust have a 

constant value for all gases, irrespective of the nature of the 
gas. Since this constant value is generally represented by R, 
we obtain what is known as the general gas equation, ; 

an expression which is valid for '1 gram-molecule of every gas. 
This expression is one which is of the greatest importance in 
chemistry. 

The Objective Reality of Molecules. — The man of science, 
as we learned in the opening chapter, in his quest of truth, 
endeavours not merely to collect and order the data of obser- 
vation or experiment concerning the material universe, but seeks 
also, by the divine gift of an intuitive intelligence, to explain 
the complications of the visible in terms of invisible simplicity.^** 
It was to such intuitive intelligence that we owe the atomic theory 
of Dalton, and its amplification and extension by Avogadro. 

However much the Empedoclean conception of the con- 
tinuity of matter appealed to the older thinkers, it has, in 
modern times, come to be recognised that the notion of con- 
tinuity is the result of an arbitrary limitation of our attention 
to a part only of the data of experience.*’*’ The farther we 
extend our investigations, the more refined and powerful the 
instruments we employ, the more does the coarse-grainedness 
of matter become evident. 

The success with which the laws of chemical combination by 
weight and by volume could be explained on the basis of the 
atomic and molecular hypotheses, made it possible to regard 
these hypotheses as representing the invisible simplicity behind the 
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complications of the visible ; but the questions could not fail 
to arise and demand an answer : Do these hypotheses represent 
actual fact ? Do molecules really exist ? The investigations 
and discoveries of the present century make it [)OSsible to 
answer these questions with conhdence* The properties of 
gases, the phenomena accompanying the discharge of electricity 
through gases, and the behaviour of radioactive elements have 
all contributed towards establishing the molecular hypothesis in 
a position of unassailable strength, and have furnished a proof 
of the objective reality of molecules. One may recall, for 
example, the success with which Rutherford counted the mole- 
cules of helium given off by radium. 

The kinetic hypothesis which, as we have learned, was intro- 
duced into science about the middle of last century, was developed 
into a theory by applying to the still hypothetical molecules the 
general laws of mechanics. Not only did this molecular-kinetic 
theory serve admirably to account for the quantitative behaviour 
of gases, but it became possible, by its means, to calculate, on 
the basis of experimental data of various kinds, not only the 
absolute mass of the molecules, but also their dimensions and 
velocity of movement, and the number of them in a given volume 
of a gas. An account of these calculations cannot be given 
here, but the extraordinarily close agreement which was found 
between the values derived from the different kinds of measure- 
ment cannot but excite our admiration. And yet, the theory 
cannot carry complete conviction, by reason of the number of 
assumptions which it involves. 

Brownian Movement. — Even as early as 1827, however, the 
molecules had, all unknown to their observers, made their 
presence manifest by the eff*ects which they produced. In that 
year,* the Scottish botanist, Robert Brown (1773-1858), while 
examining suspensions of pollen grains under the microscope, 
observed that the particles were never at rest, but were in rapid 
motion, vibrating, rotating, moving irregularly along a zigzag 
path, sinking, rising — ^perpetually in motion. In this so-called 
Brownian movement — observed long before by the French 
naturalist, Buffbn, and the Italian, Spallanzani, who saw in it 
a manifestation of life — we see, not, it is true, the molecules 
themselves, but the effect of the incessant bombardment of the 
coarser, visible particles of the suspensions, by the molecules 
of the liquid. 

Over a lengthened period of time, the number of blows which 
a suspended particle, visible to the naked eye, would receive 
from the molecules of the liquid in which it is suspended, would 
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be the same in the different directions. The suspended particle, 
therefore, would show no sign of motion. If, however, we 
imagine the period of time made sufficiently short, the number 
of impacts of the liquid molecules will no longer be equal in 
different directions, the impacts will no longer balance one 
another ; and if the suspended particle is made small enough 
it will, at each blow, be caused to move, first in one direction 
and then in another, and all the faster the smaller the particle. 
It is this motion of a particle under the blows which are rained 
upon it by the molecules of the liquid, that constitutes the 
Brownian movement. The suspended particles reveal the 
invisible molecular motion just as the bobbing of a cork may 
make manifest the tiny ripples on the surface of a mass of 
water. In the Brownian movement, therefore, we see a magnified 
picture, as it were, of molecular motion ; and if this is so, then 
the molecular magnitudes calculated from the observed behaviour 
of fine suspensions should be the same as those calculated accord- 
ing to the molecular-kinetic theory. This conclusion was tested 
with great accuracy and in different ways, by the French physicist, 
Jean Perrin, Professor of Physics at the Sorbonne in Paris, 
and was found to be correct. 

One example must suffice. As a result of the combined 
action of gravity and of the kinetic energy of the molecules, 
the molecules in a column of gas are more crowded together at 
the bottom of the column than at the top, in accordance with 
the law that when the distances from the bottom increase in 
arithmetical progression the concentration of the molecules 
diminishes in geometrical progression. If the microscopic 
particles in Brownian movement behave like the invisible mole- 
cules of a gas, then they also ought to ari'ange themselves 
according to the same law. This Perrin found to be the case. 
Thus, at different, equally-spaced levels ^ of a fine suspension 
of gamboge in water (Fig. 16), the number of particles counted 
were 100, 116, 146, 170, 200. These numbers are in agreement 
with the geometrical series, lOOx 1T90=100, lOOx l-19i=119, 
100x1-192=142, 100x1*193=169, 100x1*194=201. These par- 
ticles in Brownian movement, therefore, behave exactly as the 
molecules of a gas would behave according to the molecular- 
kinetic theory. In a number of other ways also, Perrin showed, 
the particles of a fine suspension in Brownian movement behave 
in exact accordance with the laws which have been deduced for 
the invisible molecules ; and one cannot hesitate to believe that 
in the Brownian movement we have made manifest to us some- 

^ The heights of the different layers, therefore, were in arithmetical progression. 
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thing of the extraordinary stir and commotion which is going on 
in that world of molecules — ^now no longer hypothetical — ^which 
is beyond the reach of our direct observation. 

Whether the fundamental molecular magnitudes are calculated 
from the viscosity of gases, from the Brownian movement of 

fine, hut visible, particles, from the 



Fig. 16. — Distribution of small 
particles in a suspension. 


phenomena of radioactivity, or from 
the blue colour of the sky — by which 
also the discontinuous structure of 
matter is made manifest — the same 
results are obtained ; and the real 
existence of molecules is thereby es- 
tablished with a probability amounting 
to, or bordering on, a cex'tainty. 

Molecular Magnitudes and Avo- 
gadro’s Number. — Not only have the 
investigations of the present century, 
more especially, furnished unmistak- 
able evidence that matter is made up 
of molecules, but it is possible, on the 
basis of these investigations, to cal- 
culate tJie number and magnitude of 
these inconceivably minute particles 
with an accuracy which is altogether 
astounding ; indeed, as the American 
physicist, R. A. Millikan, has pointed 
out, the molecules in a given mass of 
matter can be counted with as much 
certainty and precision as we caii 
attain in counting the inhabitants of 
a city.’’ 

Rutherford, as we have seen (p. 
84), found, by a direct count, that 
there are 27,500,000,000,000,000,000, 
or, as it is more conveniently expressed, 
2-75 X 1019 molecules of helium in 1 c.c. 
of the gas at N.T.P. ; and, therefore, 


in 22'4 litres, the volume occupied by 
1 gram-molecule (p. 110), there will be 2-75 X 1019x22,400=6-1 6 
X 1023 molecules. But Perrin, from his investigations of the 
Brownian movement of minute particles, calculated that the 
number of molecules in 1 gram-molecule is 6-06x1023, and 
similar values have been derived from the consideration of 


very widely differing properties of many different substances. 
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As a result, it may be concluded that the number of individual 
molecules in 1 gram-molecule of a substance is 6*06x10^3, a 
number which is the same for every substance and which goes 
by the name of Avogadro's number. 

A further interest attaches to these calculations. The volume 
occupied under given conditions of temperature and pressure 
by one gram-molecule of a gas is the same for all gases, and, 
therefore, since the number of individual molecules in one gram- 
molecule is the same for all substances, the number of individual 
molecules in a given volume of a gas must be the same for all 
gases. At N.T.P., 1 c.c. of any and every gas contains 2*70 X 10^9 
molecules. The postulate of Avogadro ceases to be a hypothesis ; 
it becomes a law. 

The numbers which we have just been considering greatly 
exceed our powers of comprehension. The molecules in a single 
dewdrop are so numerous that if they were distributed equally 
there would be a million million for each of the 1,500,000,000 
inhabitants of the world ; and if one of those inhabitants, sus- 
picious of the equality of the distribution, started in to count 
the numbei'S in his allotment, it would take him thirty years, 
counting out bundles of a thousand molecules each second, night 
and day, to complete his task. 

As regards the size of the molecules, these vary compara- 
tively little, as the following numbers show : 

Diameter of molecule. 

Holiuixi 2-22xl0-8cm. 

Hydrogen. . ... ... 2-68 X 10"® cm. 

Oxygen 3*62 x 10“ ® cm. 

Water vapour 4*54x10"® cm. 

Carbon dioxide 4*56x10"® cm. 

The hydrogen molecule, we see, is rather less than 1 /300,000,000th 
of a centimetre in diameter, and the diameters of the other 
molecules are of the same order of magnitude. In the case of 
a gas under ordinary conditions the volume of the molecules 
is small compared with the total volume of the gas ; or, the total 
volume is composed mainly of empty space. This explains why 
different gases obey Boyle*’s law. 

Since the number of molecules in one gram-molecule of a 
substance is known, the mass of a single molecule can be cal- 
culated by dividing the molecular weight of the substance 
expressed in grams by the Avogadro number. Thus, the mass 

2-016 

of a hydrogen molecule is g.Qg gram, or 3*3xl0‘‘24 gram. 



CHAPTER VIII 

THE THREE STATJES OF MATTER (continued) 
The Eiquid State 

Ik the gaseous state, the molecules of matter, as we have se^n, 
are relatively far apart, and in perpetual, rapid motion. If the 
temperature is raised, the velocity with which the molecules fly 
about increases ; if the temperature is lowei'ed, the velocity 
diminishes. In the case of a gas, the rapid motion of the mole- 
cules is sufEcient to overcome the attractive forces which exist 
between the molecules, so that the molecules lead an existence 
of complete, or practically complete, independence. As the 
temperature of a gas is lowered, the violence of molecular motion 
is subdued, and, at a certain temperature, the motion of the 
molecules, or rather, of some of them (^for all do not move with 
the same velocity), is reduced to such an extent that the more 
sluggish molecules are no longer able to overcome the force of 
mutual attraction or cohesion ; they become attached or cohere 
to one another and a liquid is obtained. This process of con- 
densation or liquefaction will, of course, be helped by an increase 
of pressure (or diminution of the volume of the gas), as well as 
by reduction of temperature. In a liquid, the kinetic energy 
of the molecules is no longer sufficient to keep them entirely 
free as in the case of a gas, and they cling together to such an 
extent that the liquid has a definite volume. The molecules, 
however, are not rigidly attached to one another ; they are still 
m motion, like a shoal of fish in the sea,’’ and there is a continual 
interchange of partners. 

Surface Tension. — When a liquid is withdrawn from the 
action of gravity by suspension in a medium of the same density 
as Itself, it assumes the shape of a sphere ; and whenever a free 
surface is produced, the liquid tends to form the smallest possible 
case of the sphere. This behaviour is due 
to the mutual attractions of the molecules, and can be observed 
very clearly when olive oil is carefully run into a mixture of 
alcohol and water of the proper density, or when the liquid, 
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ortho-toluidine, is suspended in a solution of salt' in water. 
The oil and the ortho-toluidine assume the spherical form. 

The molecules in the interior of such a drop, it is clear, will 
be attracted equally in all directions by surrounding molecules, 
but the molecules in the surface layer are obviously subject to 
an unbalanced force of attraction acting inwards at right angles 
to the surface. This force is spoken of as the surface tension^ 
and we can picture to ourselves the action of this force by 
imagining the surface layer of a liquid to act as an elastic skin 
which tends to contract uniformly. 

The existence of a surface tension and the fact that the sur- 
face layer of a liquid acts as if it were an elastic skin, afford 
an explanation of a number of more or less familiar phenomena. 
If a little mercury be dropped on a table, it breaks up into drops. 
Under the action of gravity, the larger drops flatten out, but 
the smaller ones form almost perfect spheres. Similarly, if 
water is brushed over a piece of greasy paper or other surface 
which it does not wet, it does not spread evenly as a film, but 
forms into drops owing to the action of surface tension. If, 
however, the surface tension is reduced — that is, if the imaginary 
surface skin is weakened — the water will spread out as a film over 
the paper. The lowering of the surface tension can be brought 
about by the addition of various substances ; ox-gall, for 
example, may be used, as in the case of water colours. It is, 
moreover, owing to the existence of a special layer that it is 
possible to float a steel needle or a boat of wire gauze on the 
surface of water. So long as the needle or wire gauze is not 
wetted by the water, it will merely 
form a depression or series of de- 
pressions on the surface of the 
liquid, as if resting on a thin 
elastic film (Fig. 17). If, however, 
the surface tension of the water is lowered by the addition of 
soap, ox-gall or some other substance, the needle or gauze breaks 
through the surface layer and sinks. 

Edward Lear, in his Nonsense Verses^ tells us how 

They went to sea in a sieve, they did, 

In a sieve they went to sea ; 

In spite of all their friends could say, 

On a winter’s morn, on a stormy day, 

In a sieve they went to sea ; 

arid, long before Lear, Shakespeare makes one of the witches in 
Macheth declare. 

And in a sieve I’ll thither sail. 



Fig. 17. — ^Wire gauze floatmg on 
the surface of water. 



118 


THE SPIRIT OF CHEMISTRY 


Now we can understand how the studied nonsense of the poet 
becomes the commonplace of science^ and how a feat which in 
popular judgment was deemed impossible, is susceptible of a 
simple explanation. 

And just as one can float a sieve on water, so one can carry 
water in a sieve, a fact which, doubtless, was known in ancient 
times, for we are told that the carrying of water in a sieve was 
one of the trials by ordeal to which a Vestal virgin, accused of 
breaking her vows, was subjected. ^ 

In the destruction of the larvae of mosquitoes, the carriers 
of malaria, by pouring oil on the surface of the breeding pools, 
we have an operation of great economic importance in which 
surface tension plays a part. Normally, the larvae can remain 
suspended by their unwetted breathing tubes from the surface 
of the water ; but when oil is poured on the water the surface 
tension is lowered and the larvae sink and are drowned. 

Owing to the existence of a surface tension, a liquid ascends 
in a capillary tube, provided it wets the tube ; and water rises 
in a strip of blotting paper or ascends in the soil, in the latter 
case often to a height of several feet. 

Vapour Pressure. — Although the molecules of a liquid, as a 
whole, are unable to overcome the force of cohesion, yet the 
molecules are not all moving with the same velocity, and it may 
happen that some, having a higher velocity than the average, 
are able to tear themselves away from the general mass and 
escape into space, where they move about freely as the molecules 
of a gas (or vapour). The liquid evaporates. 

Since the molecules which break away from the surface of a 
liquid and pass into free gas molecules are those which possess 
a relatively large amount of energy, the average kinetic energy 
of the remaining molecules will decrease ; that is, the temperature 
(which is measured by the kinetic energy) falls. A liquid becomes 
colder through evaporation, as any one may observe by wetting 
the hand and blowing on it ; and the cooling effect produced by 
the evaporation of perspiration is one of Nature‘s most effective 
means of regulating the temperature of the body. In hot and 
dry countries, also, water is kept cool by placing it in porous 
earthenware vessels or canvas bags. Water slowly soaks through 
the porous ware or canvas and evaporates from the outer surface, 

As is related of the Vestal virgin Tutia, who procured her acquittal when 
accused of having broken her vows : “ Having seized a sieve, she prayed : ‘ Oh, . 
Vesta, if always with chaste hands I have touched thy holy mysteries, grant that 
I may draw water in this sieve from the Tiber and carry it into thy temple.’ When, 
boldly and daringly, she had made her votive offerings to the priest, the very 
nature of things yielded to her wishes .” — VaUrius Maximm. 
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especially if tlie vessel be placed in a current of air, and the water 
which remains is thereby cooled. By the rapid evaporation of 
water, the temperature may be lowered to such an extent that 
the water freezes, and, from very early times, ice has been obtained 
by the natives of India by exposing water in shallow pans em- 
bedded in straw to prevent access of heat. On a cool clear night, 
evaporation takes place so rapidly that the water freezes. 

If a liquid is placed in a closed vessel 


so that the escaping molecules cannot n P 

pass away into space, it is found that a f ' 

pressure is produced by the molecules _ 

which escape from 
liquid, as can 

be shown by break- U ^ 

ing a bulb of ether - . 

in a bottle fitted I I 

f with a manometer I I 

^ or pressure gauge I I 

' (Fig. 18). The M 

^ pressure thus pro- 

‘====^==3<]Jij[l| duced, however, Fia, 18.— Vapour pressure 

T does not go on of liquids. 

I increasing indefi- When the bulb of ether 

mtely, but for each 

J temperature there u-tube is depressed, 

is a certain maxi- 

mum value for a given liquid. At this 
point, as many molecules pass back into 
the liquid as escape from the liquid. 
There exists, therefore, an equilibrium. 
Fiu.l9. — Increase of vapour As the temperature is raised, the equili- 
pressure with temperature, brium pressure which is produced, the 
Asmall quantity of water so-called vapour pressure^ increases (Fig. 

cuum'rf r Wmeter^uto pressure of the vapour 

standing over mercury and is equal to the external pressure, or pres- 
sureounded by a , wider gure on the Hquid, the liquid boils. The 
C‘gl. boili„g-pomt of a liquid, therefore, is 

water in the, barometer is simply that temperature at which the 
beated, its vapour pressure equilibrium vapour pressure of the liquid 

falls progressively. IS equal to the pressure on the liquid ; or 

the temperature at which vapour mole- 
cules are produced in such abundance that they are able to 
lift or push back the mass of air resting on the liquid. If we 
increase this external pressure, the boiling-point is raised ; if 
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we decrease it, the boiling-point is lowered. On the top of a 
mountain, water boils at a lower temperature than it does on 
the seashore ; and for every 295 metres (about 900 feet) of 
ascent, the boihng-point of water falls 1° C. 

When a liquid is boiling freely, its temperature remains 
constant no matter how much heat is added to the liquid ; for 
the added heat is all used up merely for the purpose of over- 
coming the cohesive forces of the molecules and of converting 
the liquid into gas or vapour. The heat required to bring 
about a change of state from liquid to vapour, without producing 
an alteration of temperature, is called the latent heat of vapor- 
isation. The discovery of latent heat wc owe to the Scottish 
chemist, Joseph Black (1728-1799), while I’rofessor of Chemistry 
in the University of Glasgow. 

Liquefaction of Gases. — In order to bring about the lique- 
faction of a gas, it is necessary, as we have seen, to diminish the 
kinetic energy of the molecules by lowering the temperature of 
the gas, so that the molecules may cohere. The process is 
assisted by increase of pressure or diminution of volume. The 
conditions of temperature and pressure necessary to bring about 
liquefaction vary very greatly for the different gases, for while 
sulphur dioxide, the choking gas formed when sulphur is burned 
in air, can be liquefied under ordinary atmospheric pressure 
merely by cooling the gas to below — 8° C., carbon dioxide musi 
be cooled to below — 78'2° C., and oxygen to below — 182'5° C 
Since, however, pressure assists condensation, sulphur dioxide 
can be liquefied even at 20° C., if the pressure be increased tc 
3-24 atmospheres ; and so we find liquid sulphur dioxide suppliec 
commercially in strong glass “ syphons,” from which gas oi 
liquid can be drawn off as required. 

Although the condensation of vapours to liquids was wel 
known to the ancient workers who practised the art of distilla- 
tion, it was not till towards the end of the eighteenth and begin- 
ning of the nineteenth century that the view was generally held 
that even those substances which are gases under ordinary 
conditions may also be reduced, by a lowering of temperature or 
an increase of pressure, to the liquid state. While the attempts 
of the earliest workers — among whom may be mentioned, more 
especially, Thomas Northmore (1766-1851), classical scholar 
and amateur of natural science, and Michael Faraday (1791- 
1867) — to liquefy gases were crowned by a large measure of 
success, a certain number of gases, such as hydrogen, oxygen, 
nitrogen and air, proved refractory. All attempts to obtain 
these substances in the liquid state having proved unsuccessful. 
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the gases were regarded as being uncondensable and were there ^ 
fore spoken of as permanent gases. In 1869, however, the reason 
for the failure to liquefy the so-called permanent gases became 
clear through the work of Thomas Andrews (1813-1885), 
Professor of Chemistry in Belfast. 

On compressing carbon dioxide at the ordinary temperature 
(say, 15° C.), the volume diminishes in accordance, more or 
less, with Boyle's law, until, at the pressure of about 50 atmo- 
spheres, liquefaction takes place. A similar behaviour is 
found at all temperatures below 31T° C., but above this tem- 
perature no liquid makes its appearance, no matter how greatly 
the pressure may be increased. For other gases, also, Andrews 
showed that there exists, in each case, a particular temperature, 
known as the critical temperature^ such that below this point 
liquefaction can occur if the pressure is sufficiently high, but 
above this temperature liquefaction cannot occur, no matter 
how great the pressure may be. Since the critical temperatures 
of hydrogen, oxygen and nitrogen are — 234*5°, — 118° and 
— 146° C., respectively, the failures of the earlier experimenters 
to achieve the liquefaction of these gases were due to their 
inability to bring about a sufficient lowering of the temperature. 


The change of a liquid to a gas at the 
critical temperature can be seen very clearly | 

when ether, for example, is heated in a strong, jK 

sealed glass tube, from which the air has been m 

removed (Fig. 20). As the temperature of the 
critical point is approached, the liquid meniscus 
becomes billowy and indistinct, and then sud- 
denly disappears altogether when the critical L' f 

temperature is reached. " t 

It is clear, therefore, that the successful . f 

liquefaction of gases depends on the production : 

of a sufficiently low temperature. For the " j 

production of low temperatures various means 11, 

have been adopted, and of these the oldest L ^ 

and most familiar makes use of the latent heat 
of fusion of ice, or the heat which is required ^ ^ ... , 

to convert ice to water at the same temperature, temperature of ether. 
It was known to Boyle and the Florentine 
physicists of the seventeenth century, that when ice and salt are 
mixed together, the ice melts and the temperature falls ; and 
the temperature so produced was thought by Fahrenheit 
to be the lowest temperature possible and was used by him, 
in 1724, to represent the zero of Ins thermometric scale 
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A, tube by which air enters ; B, section 
through spirals of copper tubing , C, ex- 
pansion valve ; B, central spindle ; E, wheel 
for opening and closing expansion valve ; 
G, tank in which liquid air collects ; H, 
gauge to indicate amount of liquid air in 
G ; J, tube connecting tank with gauge ; 
0, pressure gauge to indicate pressure at 
which the air enters the apparatus ; P, 
valve closing tube R, through which the 
liquid air is withdrawn ; T, wheel for 
opening the valve R. 


(0° F.= By using 

1 part of snow with 2 parts 
of crystallino calciinn chloride, 
a temperature of -—42'^ C. can 
be obtained. One may, how- 
ever, make use not of the 
latent heat of fusion of ice 
but of the latent heat of 
evaporation of a liquid, and 
by this means low tempera- 
tures can also he produced. 
The cold produced by the 
boiling of liquid ammonia, 
liquid sulphur dioxide and 
other liquids under reduced 
pressime is made use of for 
the commercial production of 
ice, and the method is also 
made use of in certain domestic 
refrigerators. 

About 1896, liowever, an- 
other method of producing a 
lowering of tempe^rature was 
introduced by means of which 
all the so-called permanent 
gases, even the most difficultly 
liquefiable gas helium,, can be 
liquefied. The method de- 
pends on the fact tliat if a 
highly comj)ressed gas is 
allowed to esetapo through a 
valve into a region of low 
pressure, heat is used up in 
overcoming the force of attrac- 
tion or cohesion between the 
molecules, and this heat is 
taken up from the molecules 
themselves. The kinetic en- 
ergy of the molecules is thereby 
diminished, or the temperature 
falls. The fall of temperature 
on expansion, moreover, is all 
the greater the lower the initial 
temperature of the compressed 
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gas. This principle was made use of by Sir James Dewar 
(1842-1923), of the Royal Institution, London, for the lique- 
faction of large quantities of air and of oxygen, and the 
industrial application of the principle is due mainly to a 
German and an English engineer, C. von Linde and W. Hampson. 
The method employed will be understood from Fig. 21. Air, 
under a pressure of about 150 atmospheres and free from moisture 
and carbon dioxide, enters the apparatus at A, and passes 
through the spirally-wound tube, B, to a valve C. Here the 
compressed air expands into a closed space. The temperature 
of the air falls on expansion. The cool air now passes back over 
the tubes, B, and thereby lowers the temperature of the incoming 
compressed air. In this way the air expanding at the valve gets 
progressively colder and colder, until at last a point is reached 
when the fall of temperature on expansion is so great that the 
air liquefies. This liquid air collects in the tank G and can be 
run off from time to time through the tube R. 

By the method just described, many millions of gallons of 
liquid air are now produced daily for use in industry. In 
the case of air, no preliminary cooling of the compressed gas 
below the ordinary temperature is necessary, but, in the case of 
hydrogen and of helium, the gas must first be cooled down to a 
low temperature by means of liquid air, before expansion takes 
place. 

The ease with which liquid air can now be produced is not 
only of great industrial importance, but is also of much value 
in the furtherance of scientific knowledge. By means of liquid 
air, one is enabled to extend the scope of scientific investigation 
to temperatures which otherwise would be inaccessible and which, 
in the middle of last century, would have been 
regarded as unattainable ; and the increase of 
knowledge which has accrued therefrom is of 
the highest scientific interest and practical value. 

The utilisation of this new aid to scientific 
research was made possible, or, in any case, was 
greatly facilitated by the introduction of the 
well-known Dewar “ vacuum vessels.’*’ These 
Dewar vessels, which are now so familiar under 
the name of “ thermos ” flasks, consist of 
double-walled glass vessels i (Fig. 22), the air X 

being removed as completely as possible from 
the space between the two walls. The vacuum ” by which 
the vessel containing the liquid air is thus surrounded acts as a 
^ Dewar vessels made of metal are now also available. 
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very efficient heat insulator, because there are now no air mole- 
cules to conduct the heat from the outside to the liquid air. The 
transmission of heat by radiation is prevented by silvering the 
outer wall of the vessel. Although the temperature of liquid air 
is about 190^ C. below that of the atmosphere, the liquid may 
be preserved for hours without any very great loss. 


The Crystalline State 

When one examines a perfectly formed crj^stal, one cannot 
but admire the regularity of outline and the smoothness and 
lustre of the crystal faces. The crystalline form, however, not 
only appeals to our sense of beauty and orderliness, but is also 
of very great practical importance, for the properties of solid 
matter depend largely on the nature and arrangement of the 
crystals of which it is composed. In metallurgy, to take only 
one example, the manufacture and tempering of steel, and the 
production of the numerous alloys now employed, depend largely 
on the production of suitable crystalline structures. It is, 
therefore, of importance to understand something of the laws 
of crystal growth, structure and behaviour. 

When a substance is cooled down from the gaseous state, the 
movement of the molecules, we have learned, becomesnnore and 
more sluggish, until it is no longer able to overcome entirely the 
mutual attraction of the molecules, A liquid is then produced. 
As the temperature is lowered still farther, the forces of attrac- 
tion between the molecules gain more and more the upper hand 
over the disrupting and separating action of the molecular 
motions ; and, under favourable conditions, molecule joins 
itself to molecule, not vaguely and uncertainly in loose attach- 
ment, but in a firm linking together at definite points. Mole- 
cular motion still exists, but is restricted to a vibration or 
oscillation about certain fixed points. In this way, out of the 
general welter, small groups of molecules are formed in definite 
array. Around each suclx invisible group of molecules, other 
molecules marshal themselves, each taking up the position 
assigned to it by nature ; and so, out of chaos, order begins to 
arise, and the structure grows into the visible crystal, the sign 
and symbol of immortal Nature'’s ageless harmony.'’"’ 

Melting-point and Freezing-point. — The change of state 
from crystalline solid to liquid is associated with a perfectly 
definite temperature. Thus, under ordinary conditions, that 
is, under atmospheric pressure, ice melts- at 0° C. At this 
temperature, in the case of ice, the molecular motions become 
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sufficiently violent to^ disrupt the molecular linkages of the 
ci’ystal group. We might expect, therefore, that on cooling a 
liquid down to the melting-point of the crystalline solid, the 
liquid would begin to crystallise, but, in most cases, this does 
not occur. The molecules, so to speak, do not know how to 
ari’ange themselves into the stable crystalline grouping ; there 
is nothing, as it were, to guide them to the places they should 
take up. One finds, therefore, that it is frequently or generally 
possible to cool a, liquid down considerably below the temperature 
at which the solid molts, without any crystallisation taking 
place. The liquid is then said to be supercooled. In order that 
crystallisation shall take place, a centre of growth or a 
'' nucleus must first be formed, round which the other mole- 
cules may group themselves. In most cases, if the cooling is 
carried out sufficiently slowly, nuclei or stable crystal units 
are formed spontaneously, by the accidental meeting, it may be, 
of the molecules in a suitable way ; and vigorous stirring assists 
these favourable encounters. In some cases, however, spon- 
taneous formation of nuclei may not take place, and it may be 
necessary to introduce a small crystal from the outside in order 
to start the procc'ss of crystallisation. Thus, if a glass rod on 
the tip of which is a tiny crystal of sodium thiosulphate (photo- 
grapher's hypo.^'^), is introduced into a flask 
of molten thiosulphate, crystallisation at once 
takes place, not throughout the whole mass 
of liquid, but starting from the crystal on 
the rod ; and only those parts of the super- 
cooled liquid which are in contact with the 
solid, crystallise out (Fig. 23). If the rod 
with its clump of crystals is removed, crystal- 
lisation stops. 

Velocity of Crystallisation. — WTen crys- 
tallisation is started in a supercooled liquid, 
the process extends throughout the liquid, 
not instantaneously but with a certain finite 
speed or velocity, which depends not only 
on the nature and purity of the substance, 
but also on the degree of supercooling. The more a liquid 
is cooled below the normal freezing-point, or the greater the 
degree of supercooling, the faster will crystallisation take 
place, once it is started. But this law, although a quite general 
one, is subject to modification through the operation of another 
factor. As the temperature is lowered, the rate of motion of 
the molecules in the liquid becomes less, the cohesion between 
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them increases, and so the molecules cannot move so iinickly 
to their places in the crystalline structure. At first, then, 
we find that as the degree of supercooling is increased, the, 
velocity of crystallisation also increases, but after a point the 
increasing sluggishness of molecular movement makes its effect 
felt more and more. The rate of crystallisation then ceases to 
increase as the temperature of the supercooled liquid is lowered, 
and in fact begins to decrease. There is, therefore, <a certain 
degree of supercooling at which the velocity of crystallisation is 
a maximum. Below this temperature, the velocity of crystal- 
lisation rapidly decreases and at last becomes practically equal 
to zero. The supercooled liquid now no longer crystallises even 
when brought into contact with the crystalline solid. It is in 
this way that glasses or amorphous solids are formed ; a glass or 
amorphous solid being merely a liquid supercooled to such a 
degree that through increase of viscosity it does not “ run ■” 
perceptibly, and the rate of crystallisation is practically zcro.i 
Prom what has just been stated, it is easy to understand why 
the term “ solid state ” is not a sufficiently accurate or well- 
defined term, for an amorphous solid is to be regarded as a super- 
cooled liquid. We ought, therefore, to speak rather of the 
crystalline state. 

When a glass ” is maintained for some time at a tempera- 
ture in the neighbourhood of the softening point, spontaneous 
crystallisation may set in, and the glass thereby loses its trans- 
parent, vitreous or glassy character. The glass is said to 
devitrify. 

So far, we have spoken of crystallisation of a substance from 
the state of fusion. Crystallisation, however, may take place 
also from solution, as when salt crystallises from sea-water or 
from brine. In an ordinary solution, the molecules of the dis- 
solved substance are kept apart by the molecules of the solvent, 
but as the solution is concentrated by evaporation of the solvent, 
the dissolved molecules become more crowded together ; and 
when a certain concentration or crowding is reached, the mole- 
cules join up into crystal units, to which, as evaporation pro- 
ceeds, more and more molecules attach themselves in orderly 
array. 

Although, in the passage from the liquid to the crystalline 
state, nature is wont to marshal the molecules into the ordered 
harmony of the crystalline form, the production of a perfect 
crystal requires the exercise of great care and the existence of 

^ Recent investigation has shown that this view, though generally held, may 
have to be somewhat modified. 



THE TIIHEE STATES OF MATTER 


127 


favoLiruble coiiditioiis- Kor example, tlie g'rowtli of tlie crystal 
must be slow, in ordei* tluit tlie molecules may liave time to 
arrange tliemselves properly ; and tlie crystal also must be 
allowed to grow freely in all directions. Wlien tliese conditions 
do not exist, the crystal becomes distorted in various ways, and 
great deviation from the form of the perfect crystal may be 
observed. T'hus, when a thin layer of liquid crystallises on a 
fiat plate, growth can take place in practically only two dimen- 
sions, and Hat fan-like or fern -like crystals are formed. This is 



Fxa. 24. — Snow crystals. 

observed, for example, when moisture freezes on the window- 
pane. Such distorted crystals are called dendrites i or dendritic 
crystals, from their resemblance to tree growth. Beautiful 
examples of leaf-like and lace-like skeleton crystals, formed 
owing to crystalline growth being more rapid in certain directions 
than in others, are frequently seen in the case of snow-flakes 
(Fig. 24). 

Crystalline Structure. — The comparatively large crystals 
which one can see and handle may he regarded as built up of a 
^ From the Greek Bevhpov (dendron), a tree. 
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large number of crystal units, each unit having the same form 
as the large crystal. There is a repetition, therefore, throughout 
the whole crystal of a fundamental crystal unit or crystal lattice^ 
as it is called. When, therefore, we pass from the consideration 
of the general laws of crystal formation and crystal growth and 
turn our attention to the internal structure of crystals, we are 
faced wdth the questions : What are the dimensions of the single 
crystal unit ? How are the atoms or molecules arranged within 
it F How is the crystal lattice itself built up ? 

On first thought, it may seem hopeless to try to determine 
the position and arrangement of atoms which are much too small 
to be seen even with the aid of the most powerful microscope ; 
yet the instruments of investigation which scientific genius and 
inventiveness have made available, render the task no longer 
impossible. 

A large rock or cliff*, against which the waves of the ocean 
break, can deflect and reflect the waves and so produce disturb- 
ances which make the existence of the rock or cliff* manifest ; 
but a small pebble is powerless to disturb appreciably the uniform 
roll of the waves, and so its presence cannot be detected. If, 
however, the weaves dwdndle to tiny ripples, then even a pebble 
may produce a detectible distui'bance and so give evidence of 
its presence. Similarly, an object can be seen only when it is 
large enough to cast a shadow or reflect the light or interfere 
in some way with the w'aves of light. Although the waves of 
ordinary light are too large to be aff*ected by the presence of 
atoms in any way which the eye can appreciate. X-rays are 
some ten thousand times smaller than the waves of ordinary 
light, and so, by means of X-rays, one is able to detect objects 
ten thousand times more minute than those which can be 
detected wdth ordinary light. By means of their action on 
X-rays, then, atoms and molecules may, as it were, be rendered 
visible, and thus the position and arrangement of the atoms 
or molecules which build up the crystal lattice”* have been 
determined. 

When a beam of X-rays is thrown on the surface of a crystal, 
the successive layers of atoms, lying in planes parallel to the 
crystal face, reflect the X-rays ; and the reflected rays emerge 
at the same angle, and so reinforce one another, when the angle 
of incidence, a (Fig. 26), of the X-rays is such that 1 =^ ; d . sin a. 
Here I represents the wave-length of the X-rays, d is the distance 
between the successive layers of atoms in the crystal, and a 
is the angle of incidence. Since I and a are known, d can be 
calculated. By this means one can determine the distance 
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between the layers in different directions, and so measure the 
dimensions of the crystal lattice. 

The human eye is not constructed so as to be able to detect 
X-rays, and a photographic plate or the property of X-rays of 
making the air a con- 
ductor for electricity must 
be utilised in order to 
detect the path of the 
reflected beam. 

When a crystal of 
diamond, which is built 
up of atoms of carbon, 

is examined by means of J^ig. 25. — X-ray examination of crystals. 

X-rays, it is found that 

the atoms are arranged in such a way that each is at the centre 
of a regular tetrahedron, and is joined to four other atoms which 
lie at the corners of the tetrahedron. A representation of this 
arrangement is shown in Fig. 26. The atoms are spaced at 
equal distances from one another, the distance between two 
neighbouring atoms being 1*54 Angstrom units, 1 Angstrom 

unit being equal to the one hundred 
millionth of a centimetre (1x10“^ 
cm.). 

On looking at the model of the 
diamond crystal one is struck by 
the fact that the atoms in any par- 
ticular layer are arranged in groups 
of six, forming a series of regular 
hexagons. This grouping of carbon 
atoms which X-rays have revealed 
in the crystal of the diamond, had 
already been inferred by chemists. 
In the case of the compound ben- 
^ zene, CgHg, one of the constituents 

in the diamond crystal. coal-tar, chemists had long 

puzzled over the way in which the 
six carbon and six hydrogen atoms are joined together in the 
molecule ; and the German chemist, Kekulc^, as we shall learn 
more fully later, suggested, as far back as 1867, that the six 
carbon atoms are joined together to form a hexagonal ‘'‘ring,” 
and that one hydrogen atom is attached to each of the carbon 
atoms. This arrangement was suggested in order to account for 
the chemical behaviour of benzene, and X-ray examination has 
shown that the hypothesis is well-founded ; for such examinatiozx 
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lias revealed the fact that the molecule has the shape of a 
regular hexagon the thickness of which is 1-19x10“® cm., and 
the length of the sides, 6-02x10“® cm. One cannob hut he 
amazed at the way in which the wonderfid imaginative vision of 
the chemist has been coniirmed by the experimental investi- 


gations of the physicist. 

In the case of common salt (sodium chloride), a compound 
which is formed, as we have seen, by the combination of a 



!Fig. 27. — ^Arrangement of atoms 
in the crystal of sodium chloride. 


positively charged sodium atom with 
a negatively charged chlorine atom, 
the crystals have the form of a cube ; 
and X-ray examination demonstrates 
that the electrically charged sodium 
and chlorine atoms or ions, as they 
are called, are arranged as indicated 
by the model shown in Fig. 27. 
Fiach sodium atom is attached to 
six chlorine atoms, and each chlorine 
atom, similarly, is attached to six 
sodium atoms. 


By means of the X-ray examina- 


tion of crystals, physicists are unravelling the intimate structure 


of crystals ; and it is now possible, in many cases, to infer and 
to I'epresent by means of models, the designs of nature'’s archi- 
tecture. Here, however, the units of measurement are not the 


foot and the yard but the hundred millionth part of a 
centimetre. 




CHAPTER IX 

THE DETERMINATION OF ATOMIC WEIG-HTS 

The atomic theory, which was promulgated by Dalton in the 
early years of the nineteenth century, afforded, as we have seen, 
a reasonable explanation of the fundamental and experimentally 
verified laws of chemical combination by weight — the law of 
fixed and the law of multiple proportions. These laws, that is 
to say, became intelligible if one assumed that the ultimate 
particles of matter are the atoms of the different elements, and 
that compounds are formed by the union of these atoms. The 
atomic hypothesis, moreover, by postulating that the atoms 
have definite weights or masses, different in the case of different 
elements, not only made it possible to give a quantitative as 
well as a qualitative explanation of the laws of combination, but 
provided also a means by which the hypothesis itself might be 
tested. 

For the verification and practical application of the atomic 
theory, it was, however, clearly necessary to determine the 
atomic weights or the relative weights of the atoms of the different 
elements which were, according to the theory, the fundamental 
units of chemical science ; and this work was taken up with 
great energy and ability by Berzelius, to whom we ov^e the first 
reasonably accurate determinations of atomic weights. I 
^fecognised,’’*’ wrote Berzelius, who with great scientific insight 
appreciated the value of the Daltonian hypothesis, that if the 
newly-arisen light was to spread, it would be necessary to 
ascertain, with the utmost accuracy, the atomic weights of all 
elementary substances, and particularly those of the more 
common ones. Without such work, no day would follow the 
dawn. This was therefore the most important object of chemical 
investigation at the time, and I devoted myself to it with unresting 
labour.*” 

In spite of the labour of Berzelius, however, interest in the 
atomic theory waned greatly during the first half of the nine- 
teenth century, owing mainly to the confusion which reigned 
regarding the distinction to be drawn between atomic weights 
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and the proportions in which elements combine ho form com-* 
pounds ; and it was not till about 1860 that cliemists recognised 
in the molecular theory propounded by Avogadro as early as 
1811, a sure basis on which to found atomic weights. From 
that time one may date the general appreciation by chemists of 
the importance of Dalton's theory, and tlic full recognition of 
atomic weights as essential constants of chemistry. Thereby, 
also, the era inaugurated by Lavoisier reached its full develop- 
ment and chemistry became firmly established as an cxa,ct science. 

Although the atomic weights of elements can, as has already 
been pointed out (p. 90), be determined by the method of 
positive ray analysis, and although it is now recognised that the 
atomic weights, determined by the methods of chemical analysis, 
are frequently only average values for mixtures of isotopes, yet 
these chemically determined atomic weights are of supreme 
value. In all the practical operations of clxcmistry, in the 
analysis and production of compounds whether in the scientific 
laboratory or in the industrial factory, it is the cliemical atomic 
weights which interest us, for it is on them that depend the 
quantitative relations between elements which govern the pro- 
duction of compounds. 

Equivalents. — All chemical methods of determining the 
atomic weights of the elements depend on the accurate deter- 
mination of the composition of compounds ; that is to say, on 
the determination of the exact proportions in which the different 
elements combine. By the analysis of water, for example, it 
has been found that this substance is formed by the combina- 
tion of the two elements, hydrogen and oxygen, in the pro- 
portions of 8*00 parts of oxygen to 1*008 parts of hydrogen 
by weight. Similarly, when the metal copper is heated in a 
current of oxygen, combination takes place and a black oxide 
of copper is formed. Analysis shows that in this compound 
8*00 parts of oxygen are combined with 31*785 parts of copper. 
By analysing the compounds of oxygen with the different ele- 
ments, then, we shall clearly be able to draw up a table showing 
the proportions by weight in which the different elements com- 
bine with a definite proportion by weight of oxygen. We arrive 
thereby at the idea of equivalence among the elements ; and if 
we take as our standard of reference, 8 parts by weight of oxygen,^ 

^ Formerly, when the atomic weight of hydrogen was taken as the standard 
and pnt equal to unity, equivalents were referred to 1 part by weight of hydrogen. 
On this basis, the atomic weight of oxygen was 15-88 and the equivalent, 7-94. 
Since, however, atomic weights are now referred to the atomic weight of oxygea 
as standard, the value of which is taken as 16*00, the standard of equivalents is 
taken as 8-00 parts by weight of oxygen. 
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we can define the equwaleiit of an element as the number of 
parts by weight of an element which will combine with, or which 
can replace in its compounds, 8 parts by weight of oxygen. 
The equivalent, let it be noted, is not a definite weight but a 
number, representing a relative weight or a ratio. Using the 
above standard, the equivalent of hydrogen is 1*008, of copper 
3T785, of sodium 23*00, etc. 

So far, the matter is simple ; and if it could justifiably be 
assumed that all compounds are formed by the combination of 
only one atom of each element, then the value of the equivalent 
would also be the value of the atomic weight, with the atomic 
weight of oxygen equal to 8. Unfortunately, however, for the 
early adherents of the atomic theory, nature does not work 
according to so simple a plan. Moreover, elements may combine 
in more than one proportion, as Dalton had already discovered, 
and may therefore have more than one equivalent. Copper, 
for example, can form two compounds with oxygen in one of 
which 31*785 parts of copper are combined with 8 parts by 
weight of oxygen ; and in the other, 63*57 parts of copper are 
combined with 8 parts of oxygen. The atomic weight will 
obviously be equal to the equivalent or to some multiple of the 
equivalent, but without some further information, without a 
knowledge, for example, of the number of atoms of copper and 
oxygen which combine to form a molecule of each compound, 
it is impossible to decide what multiple of the equivalent is to be 
taken as the atomic weight. The number of variables is too great. 

To overcome the difilculty which was met with, Dalton made 
various assumptions — for which, however, there was no real 
justification — whereas Berzelius was guided in his choice of 
atomic weights by another set of rules, which in some cases led 
to atomic weight values different from those obtained by Dalton. 
Confusion reigned. Some chemists gave up the attempt to 
determine atomic weights and contented themselves with 
equivalents (in spite of the fact that some elements have more 
than one equivalent), and other chemists lost interest in the 
atomic theory altogether. Although great progress was made 
in the accurate determination of equivalents, more especially 
by the French chemist, Jean^ Baptiste Dumas (1800-1884), the 
Swiss chemist, Jean Charles de Marignac (1817—1894), and the 
Belgian chemist, Stas, different meanings were given by different 
chemists to the terms equivalent, atomic weight and molecular 
weight, and no agreement existed with regard to the formulae of 
different compounds. 

At length, in 1860, recourse was had to a congress, to a round 
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table conference of the leading chemists of the day, which as- 
sembled at Karlsruhe, in Germany, in order to reach, if possible, 
an agreement regarding symbols and formulae. The conference 
failed entirely in its object, but each member carried away with 
him a copy of a Sketch of a Course of Chemical Philosophy held 
in the Royal University of Genoa, drawn up in 1858 by the 
Italian patriot and chemist, Stanislao Cannizzaro (1826-1910), 
himself a member of the Karlsruhe conference. 



Stanislao Cannizzaro in 1858. 

(Reproduced from a portrait by P. SalorsoR by 
permission of the Chemical Society, from the 
Journal of the Chemical Society , 1912.) 

A Sicilian by birth, Cannizzaro took part in the rebellion 
of 1847, and again, in 1860, while Professor of Chemistry in the 
University of Genoa, he joined Garibaldi and his famous Thou- 
sand in Palermo. In 1861, Cannizzaro was called to the Chair 
of Chemistry in the University of his native town, Palermo. 
Ten years later he became Professor of Chemistry in the Univer- 
sity of Rome, and was at the same time made a Senator of the 
Kingdom. Cannizzaro made many contributions to the chemistry 
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of the compounds of carbon, and after chemists had been 
wandering for fifty years in the mists of false and confused ideas, 
it was he who through his clear-sighted recognition of the meaning 
and importance of Avogadro^’s hypothesis, came to lead them out 
of the wilderness. 


It was, then, while at Genoa that Cannizzaro drew up the 
Course of Chemical Philosophy which cleared away all the 
existing confusion by reviving the hypothesis of Avogadro which 
had been ignored ever since 1811, and by showing how this 
hypothesis and the determinations of molecular weight which 
were founded on it, formed a firm basis for the determination of 
atomic weights. The reading of Cannizzaro'^s pamphlet brought 
conviction more or less quickly to all, most quickly, perhaps, 
to Lothar Meyer, who wote : It was as though scales fell 

from my eyes, doubt vanished, and was replaced by a feeling of 
peaceful certainty. 

Molecular Weights as a Basis for Atomic Weights. — 

It has already been pointed out that on the basis of the hypo- 
thesis of Avogadro (p. 108), the molecular weight of a substanc 
in the state of gas or vapour can be calculated from deter- 
minations of the gas or vapour density. But, as Cannizzaro 
pointed out, if the molecular weights of a series of compounds 
containing a given element be determined, the quantities of that 
element contained in the molecular weights of the different com- 
pounds are always whole multiples of the smallest quantity ; and 
this quantity, therefore, represents the atomic weight of the 
given element, for an atom is the smallest amount of an element 
which can take part in the formation of a molecule. 

By analysing and determining the molecular weight (see 
pp. 109 and 110) of a number of gaseous or volatile compounds 
of hydrogen, for example, the following table can be drawn up ; 


Substance. 

Hydrogen chloride .... 
Hydrogen bromide .... 
Phosphine (hydrogen phosphide) 

Water vapour 

Methane (Marsh gas) 


Molecular 

weight. 

36-468 
80*928 
34*064 
18*016 
16 032 


Parts by weight erf 
hydrogen contained 
in the molecular 
weight of the sub- 
stance 

1*008 
1 008 
3*024 
2*016 
4-032 


From this table it is clear that in no case is the amount of 
hydrogen in the molecular weight of its compounds less than 
1 -008 parts, and, where the proportion is greater, the higher 
proportions are whole, multiples of 1*008. This holds, more- 
over, not only for the compounds mentioned in the above table 
but for all compounds of hydrogen so far tested — amounting to 
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many thousands in number. We can, therefore, without doubt 
or ambiguity, take 1*008 as the atomic weight of hydrogen. 

In a similar manner, by analysis and determination of mole- 
cular weights, the atomic weights of other elements may be deter- 
mined ; and it will therefore readily be understood how a sure 
decision regarding the atomic weights of those elements, at least, 
which are capable of forming volatile compounds, can be reached. 

The molecular weight values which are given in the preceding 
table for the purpose of illustration arc not the results of direct 
molecular weight determinations. Except in a few cases, the 
determination of the gas density or vapour density cannot be 
carried out with an accuracy which is sufficiently great to allow 
of the direct calculation of atomic weights. Determinations of 
the vapour density, therefore, and the calculation therefrom of 
molecular weights which are only approximately correct, are 
carried out and are of value mainly for the purpose of enabling 
a decision to be made as to what multiple of the equivalent of 
an element should be taken as the atomic weight. It is the 
accurate determination of the equivalent that is the real founda- 
tion of atomic weight determinations. 

Atomic Heat. — Before the determinations of molecular 
weight, based on the hypothesis of Avogadro, had been recog- 
nised as a reliable method of deciding atomic weight values, 
another method, applicable to solid elements and more especially 
to the metals, was introduced in 1819 by the French physicists, 
Pierre Louis Dulong (1785-1838) and Alexis Therkse Petit 
(1791-1823). The amount of heat in calories i which must be 
added to 1 gram of a substance, in order to raise the temperature 
by 1° C., is called the specific heat of the substance ; and Dulong 
and Petit found that when the specific heat is multiplied by the 
atomic weighty the quotient is approximately consta7it for the 
different solid elements (Dulong and Petit **8 law). Later investi- 
gations have shown that although there are a few marked excep- 
tions (carbon, boron, silicon, etc.), the values obtained for the 
product of specific heat and atomic weight (the so-called atomic 
heat) vary mostly within comparatively narrow limits — mostly 
between 6 and 7 — and have an average value of about 6*4. 
This approximate law, therefore, may be used to decide which 
multiple of the equivalent is to be taken as the atomic weight. 
One example of the application of this rule will suffice. 

have seen, can form two compounds with oxygen. 
On analysing these compounds the two equivalents 31*785 and 

^ One calorie is the amoxint of heat required to raise the temperature of 1 grain 
of water 1® 0. 
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63-57 are found. The specific heat of copper is 0-0923. There- 
fore the approximate value of the atomic weight is given by the 
expression : 


Approximate atomic weight 


6-4 

~ 0 - 0923 ""^^'^ 


The correct atomic weight is, therefore, 31 •786x^=63-57. 

The factor by which the equivalent must be multiplied in 
order to give the atomic weight, represents what has been called 
the valency of the element (p. 66). 

Calculation of Formulae. — A knowledge of atomic weights 
enables one to calculate the formula of a compound from the 
percentage composition obtained by analysis. For example. 
Analysis shows that in 100 parts by weight of water, there are 
11-19 parts of hydrogen and 88*81 parts of oxygen ; or, the 
percentage composition of water is 11*19 per cent, of hydrogen 
and 88*81 per cent, of oxygen. If, now, one divides these two 
numbers by the respective atomic weights of the elements, one 
obtains the relative numher of atoms of either element in the 
compound. Thus, we have : 


11*19 

1*008 


= 11-10 


and 


88-81 

16-00 


=5-55. 


In a molecule of water, therefore, the relative number of 
atoms of hydrogen and oxygen is as 11*10 to 5-65 ; or, as 2 is 
to 1. The molecule of water may therefore be written H^O. 
Since, however, one is dealing only with relative numbers the 
formula might also be H4O2J H6O3, or, generally, (H20)a;. The 
formula H2O is merely the simplest formula calculated from the 
analysis, the so-called empirical formula ; and in order that we 
may obtain the true formula of the molecule, it is necessary to 
know the molecular weight. Since water is a volatile liquid, it 
can be vaporised, and the density of the vapour determined. 
When this is done, it is found that 22*4 litres of water vapour at 
N.T.P., would, if it could be obtained under these conditions,^ 
weigh about 18*5 grams. The determination is not very accurate 
as we have learned, but sufficiently accurate to show that the 
molecular weight is in the neighbourhood of 18. If we examine 
the formula H2O, we find that this gives a molecular weight of 
2-016+16*00=18-016. We conclude, therefore, that this is the 
true formula for a molecule of water in the state of vapour. 


^ The volume of a given weight of water vapour is determined at a temperature 
above 100° C , and the volume at N.T.P. then calculated according to the laws 
of Boyle and Gay-Lussac. 



CHAPTER X 

THE GASES OF THE ATMOSPHERE AND THE 
PHENOMENON OF COMBUSTION 

Historical. — Air, the gaseous envelope or atmosphere ^ by which 
the earth is surrounded, was regarded by the Greek philosopher 
Anaximenes, in the sixth century B.C., as the universal principle 
underlying all matter, and was one of the four elements of 
Aristotle and of the Schoolmen of the Middle Ages, Although 
invisible, the winds made known its existence to man, and even 
the ancient Egyptian craftsmen knew how to make use of it in 
their primitive bellows (Fig. 28) ; while direct proof of its 



Fig. 28. — ^Foot-bellows used in ancient times by Egyptians. 

material nature was given when Galileo, in 1682, determined 
the weight of a given volume. As the most accurate deter- 
minations now show, 1 litre of dry air at N.T.P., weighs 1-293 
gram. It is, therefore, 14*875 times heavier than an equal 
volume of hydrogen. 

Although from earliest times air had bpen regarded as a 
simple and single substance, a different view began to be held 
in the seventeenth century ; and from a study, more especially, 
of the calcination of metals such as lead and tin, and of the 
phenomenon of burning or combustion, chemists were led to 
the conclusion that air is a mixture. For more than a century, 
from the time of Boyle to the time of Lavoisier, the greater part 

^ From the Greek dTjj.6^ (atmos), vapour, and a^atpa (sphaira), sphere. 
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of chemical investigation centred round the problem of com- 
bustion and the composition of the air ; and the work of the 
great experimentalists and founders of pneumatic chemistry,"' 
Black, Scheele, Priestley and Cavendish, more especially, was 
guided by the first great, but erroneous, theory of chemical 
action, the phlogiston theory of combustion. It was in terms 
of this theory, also, that the results obtained by these investi- 
gators were expressed. It was a period full of interest ; a period 
in which we can see chemistry passing somewhat slowly and 
jerkily out of mediaevalism and developing into a rational 
science. In this period we see how, in order to account for 
observed phenomena, a theory is put forward which, albeit 
erroneous, serves its purpose of interpreting the results of 
observation ; and we also see how this theory, after having 
captured the minds of men, is finally driven from its fastness 
by the irresistible force of new facts with which it is no longer 
able to contend. 

The fact that metals such as lead and tin, when heated in 
the air, change into an earthy material or calx^ as it was called, 
was well known ’ in the seventeenth century, as also was the 
fact that the calx which was formed weighed more than the 
original metal. Although it was recognised by the French 
physician, Jean Rey (1575~1645), in 1630, as well as by the 
English scientist, Robert Hooke (1635-1703), that the air, or 
a portion of it, takes part in the process of calcination, it was 
the young doctor of Bath, John Mayow, who came nearest to 
giving a correct explanation of the process of combustion and 
of the process of animal respiration. 

Born in London in 1645, John Mayow, after taking his 
degree in law at Oxford, became a medical practitioner at the 
fashionable health resort, Bath. While there, he published, in 
1674, his famous Tractatus Quinque Medico-Physici^ in which 
he set forth his views on the nature of combustion and of animal 
respiration. Five years after the publication of these essays, 
in 1679, while still only in his thirty-fourth year, Mayow died 
and was buried in the Ixandsomest barn in England," the Church 
of Saint Paul, Co vent Garden, London. 

In his study of the phenomenon of combustion, Mayow 
inverted a large glass globe over water contained in a flat dish, 
and by means of a glass tube, through which air could pass, 
secured that the level of water inside and outside the flask was 
the same (Fig. 29). By means of a burning glass," a piece 
of camphor in contact with a piece of tinder which had been 
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placed on a metal plate suspended in the flask, was ignited^ 
After a time, the camphor ceased to burn and tiu' level of the 



John Mayow. 


water rose, showing that the volume of air in the flask had been 
diminished. Failing to bring about the ignition of another 



Fio. 29. — Mayow’s apparatus. 

substance — at that time 
tinguish between different 


piece of camphor in the same flask, 
Mayow concluded therefrom that the 
residual air was no longer able to 
support combustion. A similar experi- 
ment was carried out with a burning 
candle. 

From these experiments, Mayow 
inferred that the particles of the air 
are associated with a spiriius nitro- 
aereus or nitro-aerial spirit, which is 
n^ecessary for the combustion of in- 
flammable substances. Mayow does 
not seem to have regarded the nitro- 
aerial spirit as a definite , gaseous 
chemists had not yet learned to dis- 
gases — but rather as particles attached 
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to the aerial particles and derived from the sun; and, according 
to him, combustion consists of a violent reaction between the 
combustible substance and the nitro-aerial particles. The 
appearance of fire was interpreted as due not to the ardour 
of chemical union but to the interplay of hostile and ivarring 
particles. 

By the process of combustion, the air was deprived of its 
nitro-aerial spirit, and so became unable further to support 
combustion. Moreover, the increase of weight which, as 
Mayow observed, takes place when metallic antimony is burned, 
must be due to the absorption of the nitro-aerial particles. 

Just as nitro-aerial spirit is necessary for combustion, so 
also, as Mayow showed, it is necessary for life ; for if a mouse 
is enclosed in a flask of air over water, the volume of air is found 
to diminish and after a time the mouse dies. The residual gas 
is incapable of supporting life. 

From the fact that a mixture of charcoal, sulphur and nitre 
(gunpowder) burns with great vigour even under water, and 
therefore out of contact with the air, Mayow inferred the 
presence in the nitre of nitro-aerial spirit in a very condensed 
form. ^ 

The explanation of combustion which was thus put forward 
by Mayow in 1674 was a long step towards the true explanation 
put forward by Lavoisier a century later. It failed to carry 
conviction, however, for it was linked too much to the alchemistic 
idea of principles and essences, and it lacked the support of 
exact quantitative analysis. These deficiencies, doubtless, 
would soon have been made good had Mayow^’s short life been 
prolonged even a few more years or if his contemporaries, 
including the illustrious Boyle, had had suflSicient insight to 
realise the importance of the views which he propounded. 
Mayow, still comparatively young, did not have that standing 
in science which could compel a due consideration of his views, 
and these were ignored or rejected in favour of an erroneous and 
to us fantastic theory due mainly to the German chemist, 
Georg Ernst Stahl (1660-1734), who was born at Ansbach and 
became, in 1693, Professor of Medicine and Chemistry in the 
University of tialle. 

The Phlogiston Theory. — One of the leading teachers of 
chemistry of his time, ^.gtaJil owed his influence in science mainly 
to the so-called Phlogiston Theory^ which he propounded in 
explanation of the process of combustion. According to this 
theory, which in its essence reaches back to the philosophy of 
ancient Greece, all combustible substances, including also the 
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metals which form calces on being heated in air, contain an 
inflammable principle or principle of combustibility, akin to the 
sulphur of the Mediaeval alchemists, and the terra pinguis 
or fatty earth of Stahl‘'s master, Johann Joachim Becher 
(1635-1682). To this principle of combustibility Stahl gave 
the name phlogiston ; ^ and it was assumed that when a sub- 
stance burns, this phlogiston escapes, leaving behind, as in the 
case of the metals, the ash or calx. The air was regarded merely 
as an absorbent or solvent for the phlogiston, which, in the 
absence of such an absorbent, could not escape. According to 
this theory, a metal was regarded as being a compound of a calx 
and phlogiston, and therefore if the calx were recombined with 
phlogiston, the metal would be regenerated. This recombina- 
tion could be brought about by heating the calx with charcoal, 
a material which burns leaving practically no ash and which was 
therefore regarded as being almost pure phlogiston. 

For a hundred years the phlogiston theory was accepted by 
chemists (so little had the teaching of Boyle been taken to heart), 
and the long life of such an erroneous theory may be attributed 
to the fact that chemistry was, at that time, largely a qualitative 
and descriptive science. Form rather than weight, it was con- 
sidered, was the characteristic property of substances. The 
balance, of course, was known and used, but its importance was 
not fully appreciated ; so that when it was found that the 
products of a combustion weigh more than the original com- 
bustible substance, the upholders of the phlogiston theory sought 
to defend their position by identifying phlogiston with the 
principle of levity. The escape of the principle of levity from 
the body left the body heavier. 

Much as we .may be inclined to smile at such an explanation, 
we must remember that the phlogiston theory served successfully 
its day and generation, and satisfied even the modern require- 
ments of a theory, in that it gave an explanation of combustion 
which satisfied men’s minds at the time, and was capable of ex- 
plaining facts of a diverse kind and even of predicting new facts. 
The phlogiston theory, however, long outlived its usefulness, 
and the tenacity with which it maintained itself is an instructive 
illustration of the difficulty which most men have of freeing their 
minds from the authority of a long-held theory ; and it conveys 
a warning, which is not unnecessary even at the present day, 
that a theory which serves at first to illumine the path of 
advance may at length so dazzle the eyes that they fail to observe 
the facts. As Priestley wrote ; We may take a maxim so 
^ From the Greek verb ^Aoyt^ctv (pMogizein), to burn. 
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strongly for granted that the plainest evidence of sense will not 
entirely change, and often hardly modify, our persuasions.’’ 
In science, this is a danger of which to beware, for, as the German 
chemist Liebig wrote, many years ago, after having been a victim 
of the misfortune to which he refers : No greater misfortune 
could befall a chemist than that of being unable to shake himself 
free from the power of preconceived ideas, and, yielding to the 
bias of his mind, of seeking to account for all phenomena which 
do not fit in with these ideas by explanations which have no basis 
in experiment.” 

At the present day it is difficult to understand wherein lay 
the power of the phlogiston theory which could so completely 
hold in thrall the minds of such intellectually brilliant men as 
the great experimentalists to whom reference has already been 
made — Scheele, Priestley and Cavendish. Convinced phlogis- 
tonists though they remained to the end of their lives, they 
contributed in great measure through their experimental work, 
culminating in the discovery of oxygen by Scheele and by 
Priestley, to the overthrow of the theory from which they were 
themselves unable to break free. 

Although Scheele, who undertook a systematic investigation 
of the process of combustion, was led to the conclusion that 
atmospheric air consists of two gases — fire-air ” and vitiated 
air (nitrogen) — ^his attachment to the theory of phlogiston and 
his failure to carry out his experiments in a quantitative manner, 
prevented him from arriving at that real understanding of the 
process of combustion and knowledge of the composition of the 
air which we owe to th^ brilliant French chemist, of whose life 
an account has already been given (p. 50), Antoine Auguste 
Lavoisier. 

Lavoisier and the Overthrow of the Phlogiston Theory. — 

Even as early as about 1764, Lavoisier had observed, as others 
before him had done, that when sulphur or phosphorus is 
burned in air, the product of combustion weighs more than the 
combustible body, and, like his predecessors, Mayow and the 
Russian chemist Michael Vassilievitsch Lomonossov (1711- 
1765), he attributed the increase of weight to something taken 
from the air. He advanced beyond his predecessors, however, 
in that he showed, by actual experiment, that in the case of tin 
the increase in weight of the metal on being heated in air is 
equal to the weight of air ” absorbed, and was therefore not 
due to the passage of fire matter ” through the walls of the 
vessel, as Boyle had thought. Since Lavoisier had shown, not 
only qualitatively but also quantitatively, that in the process 
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of calcination only a portion of the air combines with the metal, 
the only remaining step to be taken was to recover again from 
the calx the gas which had been removed from the air, and so 
to ascertain its nature. It was at this point that Priestley 
made his great contribution to the overthrow of the theory of 
phlogiston in which he was a lifelong believer. 

During a visit to Paris in the autumn of 1774, Priestley, 
while dining with Lavoisier, mentioned his discovery of the gas 
now known as oxygen ; a gas which he had obtained by heating 
mercurius calcmatus per se^ or oxide of mercury as it is now called, 
and in which a candle burned much better than in common air. 
The importance of this discovery was at once recognised by 
Lavoisier, who conceived the idea that this new gas represented 
the portion of the air which combines with a metal and gives rise 
to the calx. The correctness of this idea was proved by a 



Fig. 30. — ^Ijavoisier’s experiment of heating mercury in air. 

quantitative experiment which has become one of the great 
classical experiments of chemistry. 

The calx of mercury (oxide of mercury) was first synthesised 
by heating a weighed amount of mercury in a retort which 
communicated with a known volume of air contained in a bell- 
jar standing over mercury (Fig. 30). The mercury in the retort 
was heated on a charcoal furnace for twelve days to a tempera- 
ture just below its boiling-point. At the end of this time, a 
quantity of red calx of mercury, 45 grains in all, had formed on 
the surface of the metal, and the volume of air in the bell-jar 
had diminished by 7-8 cubic inches. The residual gas in the 
bell -jar did not support life or combustion. 

The red calx of mercury was then heated, and Lavoisier 
found that from 45 grains of the calx, 41 grains of metallic 
mercury were formed, and 7—8 cubic inches of a gas were evolved. 




THE GASES OF THE ATMOSPHERE 


145 


This gas was found to be eminently respirable ’’ and to support 
combustion better than air. 

By these and other experiments, Lavoisier proved con- 
clusively that the air consists essentially of two gases, now known 
as oxygen and nitrogen, and that when metals are calcined or 
substances are burned in air, the oxygen of the air combines 
with the metal or burning substance. In other words, the pro- 
cess of combustion is a chemical reaction^ a chemical combination 
of the combustible substance with the oxyge^i present m the av}\ 
the process being accompanied by emission of heat and, it may be, 
also of light. The nitrogen of the air takes no part in the 
process, but acts merely as a diluent which moderates the vigour 
of the combustion. 

The Gases of the Atmosphere. — Atmospheric air is a mixture 
of a number of different gases in proportions which, so far as the 
main constituents are concerned, remain remarkably constant 
not only at diff*erent times and seasons of the year but also at 
different parts of the earth^^s surface. The gases normally 
present in air are : nitrogen, oxygen, carbon dioxide, water 
vapour and a group of gases, known as the rare gases, the most 
abundant of which is argon. Besides these normal constituents 
of the air, other gases and solid particles, derived from local 
sources, are present as what we may call impurities 

Nitrogen. — In 1772, Daniel Rutherford (1749-'1819), a 
pupil of Joseph Black at theTThlversity of Edinburgh, where he 
later became Professor of Botany, showed, in apparently the 
only piece of chemical investigation which he ever carried out, 
that when white phosphorus is burned in air, acid fumes are 
formed and when these are removed by alkali, the volume of 
air is found to have diminished and the residual gas no longer 
supports combustion. In this way, the gas now known as 
nitrogen was discovered. ^ 

. In this reaction, as we now know, oxygen is removed from the 
air by the phosphorus, and nitrogen (along with the rare gases) 
is left, and if carried out with appropriate precautions the 
reaction can be employed for the purpose of determining the 
proportion of oxygen in the air. When the residual gas, wliich 
is a mixture of nitrogen and the rare gases, is passed over heated 
magnesium metal, the magnesium combines with the nitrogen to 
form a compound known as magnesium nitride, while the rare 
gases remain free^ 

^ The credit of discovering nitrogen must be shared with Cavendish, for it is 
known that in a private letter to Priestley he communicated the preparation of 
the gas by passing air repeatedly over red-hot charcoal and absorbing the resulting 
carbon dioxide in potash. 
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As the result of analysis it is found that the average com- 
position of purified air, free from carbon dioxide and water 
vapour, is as follows : 

Per cent, by volume. Per cent, by weight 

ISfitrogen • • 78*06 75 5 

Oxygen . . . . • 21 00 23*2 

itare gases . .... * 0*94 1 3 

Nearly four-fiffhs of the air, by volmne, therefore, consists of 
nitrogen, and one-fifth of oxygen. 

The gas which Rutherford and, after him, Scheele and 
Lavoisier obtained by the removal of oxygen from air, was, as 
w^e shall learn more fully later, not pure nitrogen, although until 
1894 it was thought to be so. The pure gas, however, can be 
obtained by the decomposition of certain nitrogen-containing 
compounds, such as ammonium nitrite, a- substance which can 
be represented by the formula NH 4 NO 2 . When this salt is 
carefully heated, decomposition takes place into water and 
nitrogen, as represented by the equation : 

NH 4 NO 2 = 2 H 2 O + N, 

Ammonium nitrite. Water. Nitrogen. 

At tlie present day very large quantities both of nitrogen 
and of oxygen, in a nearly pure state, are produced industrially 
by the fractional distillation of liquid air,**** which consists of 
a mixture of liquid nitrogen (together with the rare gases), and 
liquid oxygen, the boiling-points of which are — 196^ C. and 
— 183° C- respectively. By distilling the hquid air in a suitable 
apparatus^ it has been found possible to eflPect an almost complete 
separation of the gases. 

Although, as we shall learn more fully later, nitrogen plays 
a role of very great importance in the economy of nafure, it 
is a very inert or chemically inactive element at the ordinary 
temperature. As has already been stated, it does not support 
combustion, nor does it support life. For this reason it was 
called a^ote ^ by Lavoisier — a name still used in France. The 
name nitrogen ^ {nifrogene)^ by which the element is known in 
English-speaking countries, was suggested in 1790 by the 
French chemist, Jean Antoine Chaptal (1756-1832) — an 
active, amusing, intriguing courtier and chemist ’’’ ^ — who after 
acting as Professor of Chemistry in the University of Montpellier 
and at the Ecole des Arts in Paris, became Minister of the 

^ From the Greek d (alpha), not, and (zoS), life. 

- From vCrpov (nitron), nitre, and ycvvaco (gennao), I produce. 

® 8ir Humphry Davy. 
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Interior under Napoleon, and was by him created Comte do 
Chanteloup. In 1819, lie was made a Peer of France by Louis 
XVIII. 

The discovery of oxygen we owe to two men of a very different 
type, mentally and temperamentally, Scheele and Priestley. 

Carl Wilhelm Scheele was born at Stralsund, in what was 
then Swedish Pomerania, on December 9th, 1742, and at the age 
of fourteen became apprenticed to an apothecary in Gothenburg. 
While there, and later at Mahno and Stockholm, he devoted all 





his available time to the study of chemistry, and manifested 
not only extraordinary energy but great intellectual power and 
aptitude for experiment. In 1770, he went to Upsala, where 
he continued his experimental investigations and composed his 
classical Treatise on Air and Fire^ in which he discussed the 
phenomenon of combustion and the composition of the air. 
It was at Upsala, also, in 1773, that he first obtained oxygen by 
heating nitre, red oxide of mercury and other substances, 
although it was not till 1777 that his discovery was published. 
Scheele, apparently, was unacquainted with the pneumatic 
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trough,^’ and collected the gas in a bladder tied to the mouth 
of a retort (Fig. 31). 

Apart from the discovery of oxygen, Scheele also discovered 
chlorine and made many other important contributions to 



Fig. 31. — Scheele’s apparatus for the preparation of oxygen. 

chemistry. Recognised and appreciated as one of the foremost 
chemists of the time, he died in 1786 at Koping, where he had, 
since 1775, carried on business as an apothecary. 

In Scheele, contending with poverty and ill-health, we have 
the type of the scientific specialist and poor scholar,*’’ who 



Scheele’s house at Koping. 

(From BJcandinavisches ArcTitv fur Phyaiologie, 1920.) 


found all his interests in, and devoted all his energies to the 
pursuit of scientific knowledge, enthusiastically declaring : 

It is the truth alone that we desire to know, and what joy 
there is in discovering it ! ” In Priestley, on the other hand, we 
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have the intellectually brilliant amateur who pursued science 
as a hobby in the leisure moments of a life which was full of wide 
and varied interests. 

Joseph Priestley, one of the most versatile, eager and 
intellectually active men of the eighteenth century, was born 
at Fieldhead, in the parish of Birstall, near Leeds, in 1733. At 
the age of twenty-two, he became a minister of the English 
Presbyterian Church, and later, in 1761, tutor in classics at a 
new Academy which was opened at Warrington. In 1767, he 
became minister of Millhill Chapel, Leeds, and, in 1772, “ lite- 



Priestley’s birthplace. 

(After a drawing by J. A. Symington. From Thorpe’s Life of Priestley^ 
by permission of Messrs. J. M Dent & Sons, Ltd.) 

On the front of the cottage which now occupies the site of Priestley’s birth- 
place (on the left of the illustration), is a tablet with the inscription: Joseph 
Priestley, Discoverer of Oxygen, was born on this site, A D 1733. 

rary companion to Lord Shelburne, who afterwards became 
the first Marquis of Lansdowne. It was while occupying this 
apparently not very exacting post that Priestley carried out some 
of the most important of his chemical experiments. In 1780, 
Priestley settled in Birmingham as minister of the New Meeting 
House, the leading Unitarian Chapel of the town. During his 
residence there, Priestley made his influence widely felt, and, 
whether by his preaching or by the numerous controversial writings 
which he published, he never rested in the propagation of the 
advanced philosophical and theological views which he held. A 
sympathiser with the French i^evolutionists and an outspoken 
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opponent of the doctrines and creeds of the Established Church, 
Priestley drew down on liimself the anger of the people.; and 
when, on the 14th of July, 1791 — the anniversary of the 
taking of the Bastille and the outbreak of the French Revolution 
‘ — some of Priestley’s friends celebrated the occasion by a public 
dinner (at which, however, Priestley was not present), the fury 
of the populace broke out in what are known as the Birmingham 
Riots. For three days the town was given over to scenes of 



Joseph PKiESTrEy. 


brutality and mad passion, and Priestley, on whose house an 
early raid was made, was enabled to escape in time only by the 
help of some of his friends. His house was burned, and his 
books and apparatus flung into the street. Some years later, 
in 1795, Priestley left England for America, where he received a 
kindly welcome. He was offered, but declined, the Professor- 
ship of Chemistry in the University of Philadelphia, and Anally 
settled at Northumberland, Pennsylvania, where he died in 
1804. 

Oxygen. — The discovery of oxygen by Priestley may be 
traced to the fact that in the* summer of 1774 he came into 




Pnostley’s bouse at Northumberland, Pennsylvania. 

It was at this house, built by Priestley in 1796, that there assembled in 1874 
a number of American chemists in order to celebrate the centenary of the discovery 
of oxygen, and to found an Association which, two years later, developed into the 
American Chemical Society, now the largest Chemical Society in the world. 

he heated was oxide of mercury, which yielded a gas which we 
now know as oxygen. 

The element oxygen i is best prepared, in small quantity, 
by heating the well-known salt, chlorate of potash or potassium 
chlorate, a compound of potassium, chlorine and oxygen. When 
bhis substance is heated, it undergoes decomposition, with pro- 
duction of oxygen and potassium chloride ; and the decomposition 
takes place with much greater ease, that is, at a lower tempera- 
ture, ■ when certain finely divided substances; more especially 

^ This name, derived from the Greek bivs (oxys), acid, and yewdo) (gennao), 
r produce, was given to the gas by Lavoisier m the mistaken belief that the element 
IS an essential constituent of all acids. 


possession of a burning lens, twelve inches in diameter and 
twenty inches focal length, with which, as he writes, he “ pro- 
ceeded with great alacrity to examine . . . what kind of air a 
great variety of substances, natural and factitious, would yield, 
putting them into vessels which [he] filled with quicksilver and 
kept inverted in a basin of the same.” One of the substances 
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black oxide of manganese (manganese dioxide) or pyrolusite, are 
added to the chlorate. The use of pyrolusite for this purpose 
was first introduced by the German chemist, Dobeueiner, in 1832. 

The preparation is very conveniently carried out in the 
apparatus shown in Fig. 32. The mixture of chlorate and 
manganese dioxide is heated in a thin-walled glass tube, A, 
known as a test-tube, the mouth of which is closed by a cork 
through which passes a glass delivery tube, B. The end of this 
tube, through which the oxygen escapes, dips under the surface 
of water contained in a basin or pneumatic trough ” ; and the 
gas can be collected in a cylinder or other vessel, C, which is filled 
with water and inverted over the open end of the delivery tube. 



The decomposition of the potassium chlorate cun be repre- 
sented by the chemical equation : 

2 KCIO 3 = 2 KCI -f- 3 O 2 

Potassium Potassium Oxygen. 

chlorate . chloride . 

Translated into words this reads : Two molecular proportions 
(or, 245T2 parts by weight) of potassiuzn chlorate yield two 
molecular proportions (or, 149*12 parts by weight) of potassium 
chloride, and three molecular proportions (or, 96 parts by weight) 
of oxygen ; or, since 32 grams (1 gram-molecule) of oxygen 
occupies a volume of 22*4 litres at N.T.P., it follows that from 
245*12 grams of potassium chlorate, 67*2 litres of oxygen at 
N.T.P., can, theoretically, be obtained. 

The most conspicuous property of oxygen is the readiness 
with which it combines with other substances, as manifested, foi 
example, in the vigour with which it supports combustion.’ 

^ The fact that Priestley at first thought that oxygen was only a specially pun 
form of “ dephlogisticated nitrous air ’’ (nitrous oxide), which he had previously 
prepared, explains the words used by the poet Cowper in The Garden 

while the nitrous air 
Feeds a blue flame, and makes a cheerful hearth. 
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It was this property, as we have seen, which led to its identifi- 
cation as something different from ordinary air. That sub- 
stances and materials which burn in air burn with greatly increased 
vigour in oxygen, is made strikingly manifest when a glowing 
piece of wood is thrust into a jar of the gas. Immediately, the 
glowing wood bursts into flame. Even a piece of charcoal 
burns in oxygen with a bright light if it has first been made to 
glow by being strongly heated in a flame. Sulphur, also, and, 
still more, phosphorus, burn with great vigour in oxygen, the 
light emitted by the burning phosphorus being of a dazzling 
brightness. 

During the combustion of phosphorus, dense white fumes 
are produced, and if a little water be poured into the jar in 
which the combustion has taken place, the white fumes dis- 
solve in the water. If a solution of the purple colouring matter, 
litmus — a vegetable dye derived from a species of lichen — is 
added to this solution, the colour is changed to bright red ; a 
change which indicates the presence of an acid. A similar result 
is obtained with the product of combustion of sulphur, and, 
less markedly, with the product of combustion of charcoal 
(carbon). On the other hand, if a solution of slaked lime in 
water (known as lime water) be poured into the jar in which the 
charcoal was burned, the solution becomes milky in appearance 
— a change which will be explained later. 

The experiments which have just been discussed show clearly 
that in the combustion of carbon, sulphur and phosphorus 
in oxygen, new substances are produced which are different from 
the substances which undergo combustion ; and since one is 
dealing only with elements, the conclusion must be drawn that 
the new substances which are produced must be compounds of 
the carbon, sulphur and phosphorus respectively with the 
oxygen. Such compounds are known as oxides^ and the process 
of combination with oxygen is spoken of as oxidation. 

The reactions which take place in the above combustion or 
oxidation processes can be conveniently summarised in the 


equations : 

C + 

^2 

= CO2 

Carbon. 

Oxygen. 

Carbon dioxide. 

s + 

02 

= SO2 

Sulphur. 

Oxygen. 

Sulphur dioxide. 

P4 + 

5O2 

= 2P2O5 

^Phosphorus. 

Oxygen. 

Phosphorus pentoxide. 

On investigating the physical 

properties of oxygen- 
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found that the gas dissolves only to a small extent in water, 1 litre 
of water at 0° C., dissolving no more than 48*9 c.c. of oxygen 
under the ordinary pressure ; and at higher temperatures, the 
amount dissolved is still less. Nevertheless, even this small 
degree of solubility is of great importance, for it is on the dis- 
solved oxygen that fish and other aquatic organisms depend 
for their supply of this vitally necessary element. 

Carbon Dioxide is normally present in air to the extent of 
about 3 parts in 10,000 parts of air by volume, and although 
appreciable variations may be found at different places and 
seasons, the amount remains remarkably constant. 

In volcanic regions, carbon dioxide may escape in consider- 
able abundance through fissures in the earth, and may, on account 
of its relatively great density (it is one and a half times as heavy 
as air and twenty-two times as heavy as hydrogen), collect at 
the bottom of caves or valleys, as in the famous Grotta del Cane^ 
near Naples, and the Poison Valley of Java. The gas, also, may 
dissolve under pressure in underground water, from which it 
escapes with effervescence (as at Spa and Vichy in Europe, or 
at Saratoga Springs, New York), when the water rises to the 
surface as a spring. 

Carbon dioxide, .frequently spoken of as carbonic acid gas, 
was first identified by Joseph Black, in 1757, as a gas produced 
by the heating of chalk, and as a constituent of atmospheric 
air. It can very easily be obtained by acting on soda (sodium 
carbonate), chalk, limestone, marble (three varieties of calcium 
carbonate or carbonate of lime), or any other carbonate, with 
an acid. Usually one employs marble and hydrochloric acid, 
a convenient form of apparatus being shown in Fig. 33. Acid 
is poured through the funnel A, and acts on a quantity of marble 
placed in the bottle B. Gas is rapidly evolved and passes through 
the delivery tube C, to the bottom of a cylinder, from which it 
displaces the air. The reaction which takes place is represented 
by the equation : 

CaCOg + 2HC1 = CaClg + H^O -f COg 

Calemm Hydrochloric Calcium Water. Carbon 

carbonate. acid. chloride. dioxide. 

^ So called because in this cave the carbon dioxide collects to a depth of only 

two or three feet, so that while a man may enter the cave with impunity, a dog is 
suffocated by the gas. 

It is interesting to note that the escape of carbon dioxide from the earth was 
hnown to Vitruvius, a Roman architect of the first century B.C., who speaks of 
currents of air “ coming up in a pregnant state through porous fissures to the places 
where wells are being dug, and finding men engaged in digging there, stop up the 
breath of life of their nostrils by the natural strength of the exhalation.” And he 
also mentions that as a safeguard against accidents, one should “let down a lighted 
lamp, and if it keeps on burning a man may make the descent without danger.” 
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Large quantities of carbon dioxide are also produced in- 
dustrially by the combustion of coke, coal and other carbonaceous 
fuels, as well as in various fermentation processes. 

Carbon dioxide is a colourless gas which, as it is much heavier 
than air, can be poured from one vessel to another like water ; 
and a soap bubble, blown with air, will float on a layer of carbon 
dioxide, like a cork on water. Carbon dioxide supports neither 
life nor combustion, and may be used to extinguish fire, as can 
be shown by pouring carbon dioxide into a beaker in which a 
candle is burning. This fact is made use of in the construction 
of a number of portable fire eootmguishers^ which are filled with 
a solution of sodium bicarbonate and contain also a bottle or 
glass tube containing sulphuric acid. 

By inverting the apparatus or by 
breaking the tube by means of a 
plunger, the acid is caused to mix 
with the solution of bicarbonate and 
carbon dioxide is formed. This dis- 
solves in the solution, which is then 
ejected through a nozzle by the 
pressure of the excess of gas, and 
the water, assisted to some extent 
by the carbon dioxide which is set 
free, extinguishes the fire. The 
effectiveness of the arrangement can 
be increased by adding to the liquid 
in the extinguisher, glue, liquorice 
or some other material which is 
capable of forming a foam or froth. 

In the Foamite apparatus, aluminium sulphate and sodium 
bicarbonate are added to water, whereupon carbon dioxide and 
gelatinous alumina (aluminium hydroxide) are formed.^ When 
the mixture is ejected from the apparatus, a stiff, stable 
foam containing carbon dioxide is produced which effectively 
blankets or smothers the fire. 

When carbon dioxide is passed into lime water, a turbidity is 
produced owing to the fact that the gas reacts with the slaked lime 
(calcium hydroxide) and forms insoluble carbonate of lime, thus* : 
Ca(OH)2 + CO2 = CaCOs + H^O 

Calcium Carbon Calcium Water, 

hydroxide. dioxide. carbonate. 

^ According to the equation : 

A1,(S0J3 H- eiSTaHCOa = 2A1(0H)3 + SNa^SO^ + 6CO3 
Aluminium. Sodium Aluminium Sodium Carbon 

sulphate. bicarbonate. hydroxide. sulphate. dioxide. 



Fig. 33.- 


-Preparation of carbon 
dioxide. 
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This reaction is used as a test for carbon dioxide. 

Carbon dioxide can be liquefied comparatively easily, and the 
liquid is placed on the market in strong steel cylinders. At 
20° C., the vapour pressure amounts to 59 atmospheres. On 
allowing the liquid to be discharged through the nozzle of the 
cylinder into a cloth bag, rapid evaporation takes place and the 
temperature falls to such an extent that the liquid freezes to a 
snowlike solid. Since this solid sublimes or passes into gas, 
without melting, at —79° C., it is extensively employed as a 
refrigerant. Mercury, for example, which melts at —40° C., 
can readily be frozen to a hard solid by its means, and it is also 
employed in railway refrigerator cars used for the transport of 
ice-cream, fish and other food-stuffs. Blocks of compressed 
solid carbon dioxide are placed in wooden or cardboard con- 
tainers on the floor of the car, and the heavy cold gas which is 
formed by sublimation gradually rises, filling the whole car 
and overflowing through vents at the top. Since the latent 
heat of sublimation is great, and since the solid block is well 
insulated by its gaseous envelope, sublimation takes place only 
slowly, and the amount of solid carbon dioxide required is there- 
fore comparatively small. It has been found, indeed, that 
carbon dioxide snow, or dry ice as it is sometimes called, is 
as effective as more than ten times its weight of ice. 

Carbon dioxide snow has also found application as a local 
anaesthetic and for cauterising warts, etc. 

At the ordinary temperature and pressure, water dissolves 
nearly its own volume of carbon dioxide. At other pressures, 
the amount dissolved is approximately proportional to the 
pressure, in accordance with what is known as Ilcnrjfs law. 
Soda water and other natural or manufactured aerated waters 
and effervescent beverages, contain carbon dioxide dissolved 
under pressure. The use of carbon dioxide for the preparation 
of aerated waters was first introduced by Priestley. 

Since oxygen is being removed and carbon dioxide is con- 
tinually being poured into the air in large quantities, not only in 
regions of volcanic activity but everywhere, owing to the respira- 
tion of animals, the combustion of coal and other carbonaceous 
fuels, processes of fermentation and other industrial operations ; 
and since, as we have seen, the composition of the air remains 
remarkably constant, the questions very naturally arise : How 
does nature maintain the balance between oxygen and carbon 
dioxide ? How does she achieve the degree of constancy in ihe 
composition of the air which is so remarkable ? 

An important part of the answer to these questions was given 
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by the qualitative experiments of Priestley and the later quanti- 
tative experiments of Nicolas Theodore de Saussure (1767- 
1845), early in the nineteenth century ; for these experiments 
showed that the green leaves of plants take up carbon dioxide 
and water from the air, and that, through the radiant energy 
of sunlight and in presence of the chlorophyll or green colouring 
matter in the leaves, the carbon dioxide and water vapour are 
used to build up, step by step, various complex compounds such 
as sugar, starch and cellulose. During the process, there is 
set free and given up to the air a quantity of oxygen equal in 
volume to the carbon dioxide removed. Thereby, the air is 
sweetened and purified and made more suitable for the support 
of animal life. 

While the green vegetation on the earth’s surface thus plays 
a very important part in maintaining the constancy of com- 
position of the air, large quantities of carbon dioxide are also 
removed from the air by solution in rain and in the water of 
the rivers and oceans. 

That water vapour is present in the air is made evident by 
the formation of clouds and mists when air is cooled, or by the 
fact that certain substances, e.g. calcium chloride, deliquesce 
or become moist when exposed to the air. The proportion of 
water vapour present in the air may, however, vary very greatly. 
Air is said to be saturated with moisture when the partial 
pressure of the water vapour in the air ^ is equal to the vapour 
pressure of water at the existing temperature. At 15° C., the 
vapour pressure of water is 12-7 mm. of mercury. When, there- 
fore, the partial pressure of the water vapour in the air amounts 
to 12*7 mm. of mercury at 15°, the air will be saturated with 
moisture. If the total atmospheric pressure is 760 mm., the 
partial pressure of 12*7 mm. represents 12*7/760=0*0167 of the 
whole pressure ; or, the partial pressure of water vapour in air 
saturated with moisture at 15°, is about T7 per cent, of the 
total pressure. Under these conditions, 100 volumes of air 
contain 1-7 volume of water vapour. 

It is not, however, with the absolute amount of water vapour 
in the air, or in a given volume of the air, that we are primarily 
concejrned, for it is not on this that our comfort depends. It 
is the relative hw^dMty of the air that is of importance, or the 
amount^^nhoisture present compared with the amount which 
would be present if the air were saturated. At 15° C. the air 
is saturated when the partial pressure of the water vapour is 
12*7 mm. of mercury. The humidity is then 100 per cent. If 

^ Or tlie fraction of the total pressure which is due to the water vapour. 
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the partial pressure is only 6-35 nun., the humidity is 50 per 
cent. We have, however, already seen that evaporation of 
moisture from the surface of the skin is nature’s chief means of 
regulating the temperature of the body, or of preventing the 
temperature from rising too high ; and bodily comfort depends 
on a continued, moderate rate of evaporation. If the air sur- 
rounding the body is saturated with water vapour, or if the 
humidity is 100 per cent., then evaporation of water from the 
surface of the skin will be prevented. The air, we say, is 
moist — although really it is the body that is moist. If, on the 
other hand, the relative humidity of the air is low, whatever 
the absolute amount of moisture may be, evaporation takes 
place from the surface of the body, and the air is said to 
be dry. 

It has now become more fully recognised that the feeling of 
“ stuffiness ” in a crowded or badly ventilated room is due not 
to increase in the proportion of carbon dioxide in the air but to 
deficient evaporation of moisture from the surface of the body. 
It can be largely overcome by keeping the air in motion. The 
currents of air produced by means of fans or by the use of open 
fire-places remove the humid air which is in contact with the 
skin and so promote evaporation. The air feels fresher. The 
supply of fresh air, the preservation of the proper degree of 
humidity, and the keeping of the air in motion so that the layer 
of moisture-laden air in contact with the skin is removed, are 
the requisites of good ventilation. 

The Rare Gases of the atmosphere, under which name are 
included Helium, Neon, Argon, Krypton and Xenon, form a 
group of related elements the discovery of which forms one of 
the most romantic episodes in the history of chemistyy. To 
understand this aright, we must go back to the time of Cavendish, . 
one of the most eminent chemists of the eighteenth century. 

The Hon. Henry Cavendish, a man noted for his great 
ability no less than for his extreme shyness and hatred of 
publicity, was the elder son of Lord Charles Cavendish and 
grandson of the Second Duke of Devonshire. Born at Nice in 
1731, he was educated at Cambridge and devoted his life entirely 
to scientific investigations. In 1766 there was published his 
first scientific memoir, in which he showed that different kinds 
of air have different specific gravities. In 1781, Cavendish estab- 
lished the constancy of the composition of the air, and in 1784, 
he determined the composition of water. His investigations; 
both chemical and physical, covered a very extensive field and 



THE GASES OF THE ATMOSPHERE 


159 


placed him in the very front rank of eighteenth-century natural 
philosophers. 

Insignificant in appearance and accustomed to wear the 
costume of a former generation, Cavendish was shy and awkward 
with strangers, and shunned the society of his fellow men. He 
had a “ singular love of solitariness,” and, solitary and alone, 
he passed, in 1810, into the Great Beyond. 

In 1785, desiring to study more fully the properties of nitrogen 
(then called “ phlogisticated air”), with the object, more 



Hbkry Cavendish. 


especially, of deciding whether there are not in reality many 
different substances confounded together by us under the name 
of phlogisticated air,*’*’ Cavendish carried out experiments which 
are not only at the very root of the discovery of the rare gases but 
which, in the early years of the present century, were developed 
into an industrial process for the production of nitric acid from 
the air. Repeating experiments first carried out by Priestley, 
Cavendish showed that when electric sparks are passed through 
air, combination of nitrogen and oxygen takes place ; and if a 
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solution of potash, is present in the vessel of air, nitre or saltpetre 
is formed. By adding further quantities of oxygen and con- 
tinuing to pass the sparks, the nitrogen could be entirely removed, 
and any excess of oxygen remaining could be absorbed by a 
solution of liver of sulphur (potassium sulphide). As a result 
of his experiments, Cavendish found that no matter how long 
the passage of electric sparks was continued, there always 
remained a small bubble of gas, the volume of which was “ cer- 
tainly not more than of the bulk of the phlogisticated air 
[nitrogen], let up into the tube ; so that if there is any part 
of the phlogisticated air of our atmosphere which differs from 
the rest, ... we may safely conclude that it is not more than 
P^i'f whole.’*’ 

Little dreaming that in that bubble of gas five hitherto 
unknown elements were contained, Cavendish pushed the 
investigation no farther, for the apparatus (the spectroscope) 
which would have enabled him to do so, had not yet been in- 
vented ; and for over a hundred yeai*s, the importance of 
Cavendish’s experiment was overlooked, and the little bubble 
of gas, so big with scientific interest, was ignored. Until 1893, 
therefore, chemists everywhere believed that dry air, freed from 
incidental impurities, consisted solely of oxygen and nitrogen, 
together with small amounts of carbon dioxide ; and so confident 
were they that they knew all about the composition of the atmo- 
sphere that the announcement of the discovery of a new element 
in the air, made by the late Lord Rayleigix and Sir William 
Ramsay at a meeting of the British Association held at Oxford 
in 1894, was received with surprise and incredulity. The story 
of that discovery is one which is full of interest to all students 
of science, for it is the story of skilful and accurate experiment 
and of clear and logical reasoning. 

Discovery of Argon. — The late Lord Rayleigh, while engaged 
in the accurate investigation of the density of different gases, 
found that atmospheric nitrogen,*” or the gas left after removal 
of the oxygen from the air, had a somewhat greater density than 
nitrogen obtained from one of its compoun'(te:”""’Trhe difference 
was not great, being only about 1 part in 230, but it was 
much greater than the possible errors of the determination, 
for these amounted only to about 1 part in 10,000. Various 
hypotheses were put forward by Rayleigh to account for the dis- 
crepancies, but none of them stood the test of experiment. Lord 
Rayleigh announced the results of his density determinations 
early in 1893, and invited the help of chemists in explaining 
the divergent results. No answer, however, to this invitation 
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was forthcoming until, early in 1894, William Ramsay, at that 
time Professor of Chemistry at University College," London, 
asked and received permission to carry out experiments on 
atmospheric nitrogen, with the view of explaining its anomalous 
behaviour. 

William Ramsay, the only child of his parents, was born at 
Glasgow in 1852. After completing his courses of study at the 
Universities of Glasgow, Heidelberg and Tubingen, Ramsay 



William Ramsay. 


occupied a junior post in the Chemistry Department of the 
University of Glasgow till 1880, when he became Professor of 
Chemis'try at University College, Bristol, In 1887, Ramsay 
was called to fill the Chair of Chemistry at University College, 
London ; and there he remained till his retirement in 1912. 
It was at University College, I..ondon, that his epoch-making 
researches were carried out 

A precocious dreamy youth, as he characterised himself, 
Ramsay developed into the most brilliant of British chemists 
since the time of Sir Humphry Davy ; and through his great 

G 
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scientific achievements, more especially through his discovery 
of a whole missing group of elements in the periodic system of 
JVIendeleefF, he won from Governments, Universities and Scientific 
Academies, honours and distinctions such as ai-e bestowed on 
few. In 1902, he was created a Knight Commander of the 
Order of the Bath, and in 1904, he was awarded the Nobel Prize 
for Chemistry. Lovable and sociable, musical and having the 
gift of tongues, Ramsay possessed personal qualities which 
endeared him to all ; but illness came, and after months of 
suffering, his eager and ardent life came to an end in duly 1916. 

Making use of the fact that nitrogen combines with 
magnesium to form a nitride, Ramsay passed “ atmospheric 
nitrogen ” repeatedly over red-hot magnesium and obtained a 
small quantity of residual gas which did not combine with the 
metal. At the same time. Lord Rayleigh repeated the experi- 
ment of Cavendish, but on a much larger scale, and instead of a 
small bubble he obtained no less than two litres i of gas which 
did not combine with oxygen. 

In carrying out this experiment. Lord Rayleigh made use of 
the apparatus shown in Fig. 34.2 Through the stopper closing 

the mouth of a large glass balloon 
there pass two thick copper wires 
with stout platinum terminals, be- 
tween which an arc discharge is 
caused to take place. A mixture 
of air and oxygeW, in such propor- 
tions that all the nitrogen combines 
with oxygen when heated by the 
electric discharge, is passed in 
through a tube, and a solution 
of caustic soda is kept circulating 
out through the flask. This solution 
removes the oxides of nitrogen which 
Fig. 34.— Preparation of argon. ‘'^re formed, and at the same time 

serves to keep the flask cool. 

The density of the residual gas obtained by Ramsay and by 
Lord Rayleigh was found to be about 20, compared with the 
value 14 for nitrogen. The gas was subjected to chemical and 
physical treatment of every imaginable kind, but it underwent 
no change ; and attempts to cause it to combine with other 
substances were equally unsuccessful. It was a quite inactive 

A litre or 1000 cubic centimetres (c.c.) is equal to 1-70 pints. (See 
Appendix IIL) 

^ Vanous improved forms of the apparatus were later employed. 
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and inert element, the first such element to be discovered, and 
it received, in consequence, the name 

Argon, which forms rather less than 1 per cent, of air by 
volume, is a gas which is without colour, taste or smell. Until 
recently, it was of purely scientific interest, but it is now 
obtained commercially in large quantities from liquid air, and 
finds an important industrial application in filling incandescent 
electric lamps of the half-watt ’’ type. Owing to the presence 
of the gas, the tungsten filament of the lamp can be heated to a 
much higher temperature, and a brighter light can therefore be 
obtained, without dispersion of the metal and blackening of the 
bulb taking place. 

On the basis of theory and experiment which cannot be more 
fully discussed here, the conclusion has been drawn that the 
molecule of argon is the same as the atom ; the molecule is 
monatomic. The molecular weight has, therefore, the same 
value as the atomic weight, 39*9. 

Spectroscopic Identification of the Rare Gases. — Since 
argon and the other rare gases are all chemically inactive, they 
cannot be distinguished from one another by chemical but 
only by physical means. For this purpose use is made of the 
spectroscope. 

Light is regarded as consisting of ethereal vibrations, and 
light of a definite colour is produced by vibrations of a definite 


Red 
Yellow 
Green 
Blue 
Violet 

Era. 35. — ^Formation of a spectrum. 

wave length. White light is composed of vibrations of every 
wave length, within certain limits, and when such light is caused 
to pass through a prism of glass, the rays of light of different 
wave length are refracted or bent to a varying extent — the shorter 
waves being refracted more than the longer (Fig. 35). A narrow 
beam of white light, therefore, on passing through , a prism, 
is drawn out into a rainbow band, the colours of which merge 
continuously one into the other. This band of colours is 

^ From the Greek a (alpha), not, and Ipyov (ergon), work. 
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known as a spectrum. At one end the band is I'ed, due to 
vibrations of long wave length, while at the other end, the band 
is violet, due to vibrations of short wave length. Between these 
two extremes we have orange, yellow, green, blue and indigo. 

If a solid substance is gradually heated to incandescence, 
and if the light emitted is examined by means of a spectroscope 

(Fig. 36), it will be 
found that, at first, 
only the red end of 
the spectrum appears. 
As the temperature 
rises, the orange and 
yellow make their ap- 
peai'ance, and the 
spectrum gradually 
becomes more and 
more complete until, 
when the solid is raised 
to a white heat, the 
entire spectrum is ob- 
served. A solid body, 
on being made incan- 

When, however, a gas is made incandescent, by passing an 
electric discharge, for example, through the gas contained in a 
tube under reduced pressure (called a Plucker tube or Geissler 
tube), it is found that the spectrum no longer consists of a con- 
tinuous band of colour, but of isolated lines, each line occupying 
a certain definite position and corresponding 'wdth light of a 
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Fig. 37. — Spectrum of helium. 

The scale is in ten -millionths of a millimetre. 



Fig. 36. — Spectroscope. 

Light enters through a slit m the end of the 
right-hand tube, and after passing through the glass 
prism is observed by means of the telescope on 
the left. 

descent, yields a continuous spectrum. 


certain definite wave-length (Fig. 37). Since each gas gives its 
own characteristic spectrum or arrangement of lines, it is easy, 
by determining the position of the lines, with the aid of a spectro- 
scope> to identify a gas. It was by means of their spectra that 
the different rare gases were identified and distinguished ; and 
the spectroscope was also the means whereby, at an earlier 
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period (1861), Robert Wilhelm Buksen (1811-1899), Professor 
of Chemistiy, and Gustav Robert Kirchhoff (1824-1887), 
Professor of Physics in bhe University of Heidelberg, discovered 
the elements caesium and rubidium. 

Helium. — In 1868, the French astronomer, Professor Janssen, 
and the English astronomer, Sir Norman Lockyer, while ex- 
amining the spectrum of the sun‘’s photosphere during an 
eclipse, observed a yellow line which they could not find in the 
spectrum of any known terrestrial substance. Lockyer concluded 
that it must therefore be due to some extra-terrestrial element 
to which he gave the name of heliumJ The element remained 
unknown on the earth until the year 1895, the year after the dis- 
covery of argon, when it was isolated by Ramsay from the 
uranium-containing mineral, cleveite. That a gas was given off* 
by this mineral on treatment with acid was already known, but 
the gas was thought to be nitrogen. On examining its spectrum, 
however, Ramsay at once saw that the gas was neither nitrogen 
nor argon ; and on sending a specimen of the gas, which had 
provisionally been named krypton, to the late Sir William 
Crookes for spectroscopic examination, he received in reply a 
telegram, Krypton is helium.*” In other words, the gas wHch 
Ramsay had obtained from the mineral cleveite was none other 
than the helium of Janssen and Lockyer. 

Investigation of this new gas showed that it is an element 
with the atomic weight 4*00, and that, like argon, it is chemically 
inert and incapable of forming any compounds. As in the case 
of argon, also, the molecule contains only one atom. It is the 
most difficult of all gases to liquefy, and it was not till 1908 
that it was obtained in the liquid state by Kammerlingh Onnes 
of Leyden. It boils, under atmospheric pressure, at a tempera- 
ture of — 268*7'^ C., and by evaporating liquid helium under 
reduced pressure, a temperature of 0*8° A. can be produced. 
In 1926, it was obtained in the solid state. 

Helium is now known as a disintegration product of radio- 
active substances, and it is consequently found in most radio- 
active minerals. It has also been found in certain naturally 
occurring waters, in the mineral springs of Bath, and it 
occurs in air to the extent of about 5 parts per million. The 
main source from which it is obtained is the natural gas which 
escapes from the earth in certain distilcts of Canada and of 
America, more especially in the province of Ontario and the States 
of Texas, Oklahoma, Colorado and Kansas ; and in recent years 
large quantities of helium have been isolated from natural gas 
^ From the Greek J/Atos* (lielios), the sun. 
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for use in filling airships.^ For this purpose it possesses the great 
advantage over hydrogen of not being inflammable. Although 
the density of helium is twice as great as that of hydrogen, its 
lifting power is not much less ; for the lifting power depends on 
the difference between the density of the gas and the density of 
air. Taking the densities of hydrogen, helium and air as 1, 2 
and 14*4 respectively, the lifting powers of hydrogen and of 
helium will be as 13*4 is to 12*4. Tliat is to say, tlie lifting power 
of helium is 92*5 per cent, of the lifting power of hydrogen. 

Neon, Krypton, Xenon and Radon. — With the discovery of 
the monatomic elements, argon and helium, which are chemically 
inert and may therefore be regarded as having a valency of 
nought, a new group, a group with zero valency, had to be 
inserted in the Mendeleeff' classification of the elements. Since, 
moreover, helium preceded the positive univalent element lithium, 
and argon the element potassium, it seemed probable that other 
similar elements of zero valency should exist which would, in 
their turn, fall into place in front of the other positive univalent 
elements. In 1896, therefore, a systematic search for the 
missing elements was commenced by Ramsay and Travers, 
who carried out a prolonged and most careful fractionation of 
liquid air ; and their investigation was pursued with such energy 
and ability that in a short time three ndw elements were obtained 
from the air, namely, 7ieon^ hrypto7i and xenofi.^ The identity 
of these gases was established by means of the characteristic 
spectra which they give ; and the determination of their atomic 
weights showed that they were the elements sought for. In the 
space of a few years, therefore, no fewer than five new elements, 
present in the air, were discovered ; and the series of the rare 
gases was completed some years later by the discovery of niton, 
or, as it is now usually called, radoii^ the radioactive gas or 

emanation given off by radium. 

Besides helium and argon, neon, which occurs in the air to 
the extent of only 15 parts per million, has already found practical 
application, and is used as a filling for Osglim lamps and 
neon tubes, used for testing the sparking plugs of motor cars 
and in the construction of illuminated signs. Under the in- 
fluence of the electric discharge, the gas glows with a brilliant 
lame colour, and since the light emitted has a great power of 
penetrating mist and fog, neon lamps are now being used fcM* 
ighthouses at air-ports. 

^ Six million cubic feet of helium were extracted in the United States in 1928. 

^ From the Greek veo? (neos), new ; KpvTrros (kryptos), hidden ; and 4vos 
tenos), strange. 
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The discovery and isolation of five hitherto unknown elements 
IS one of the great epics in the history of scientific investigation ; 
and no one who lived through the eventful years 1895-1898, when 
the discovery, in rapid succession, of gas after gas, new element 
after new element, was announced to the scientific world, could 



Neon Lighthouse. 

(From The Approach towards a System of Imperial Air Communications, by 
permission of the Controller of H,M. Stationery Oifiee ; 

fail to feel a thrill such as Keats felt when, for the first time, he 
read Chapman*’s translation of Homer : 

Then felt I like some watcher of the skies 
When a new planet swims into his ken ; 

Or like stout Cortez when with eagle eyes 
He stared at the Pacific — ^and all his men 
Look’d at each other with a wild surmise — 

Silent, upon a peak in Darien. 



CHAPTKR XI 

THE mOHUCTION OF FIRE 

The manner in which the first visible combustion, or fire, was 
brought about on the earth, will doubtless always remain un- 
known. It may, perhaps, have had its origin in some lightning 
flash, or in the sparks struck from the flints of primitive man ; 
or it may have been produced by the self-heating of combustible 
material, or by the rubbing together of dried wood ; or It may 
be that, as in the Song of Hiawatha : 

Gitche Manito, the mighty. 

Breathed upon the neighbouring forest, 

Made its great boughs chafe together. 

Till in flame they burst and kindled. 

But in whatever way fire was first produced, its importance and 
vahie were early recognised, as we can understand from the 
sanctity with which all primitive peoples have endowed the 
hearth ; from the legend of Prometheus who searched out the 
source of fire . . . which lias shown itself a teacher of every art 
to mortals and a great resource ; as well as from the later 
belief of the followers of Zoroaster, that fire is the special abode 
of divinity. 

And even at the present time, we are not likely to underrate 
the importance of combustion when we remember that our 
present-day civilisation, in all its manifold forms of expression,® 
in manufactures, in railway and steamship transport, in artificial 
illumination, etc., is based mainly on a process of combustion. 

Ignition Point. — We have, it is true, already learned that 
combustion in air is a chemical reaction between the combustible 
substance and the oxygen of the air, but we have still to enquire 
how this reaction is initiated. Clearly, something more than 
mere contact is required, for we know that coal gas can be 
allowed to escape from the burner, or a candle or piece of wood 
or coal may be left exposed to the air, or even to pure oxygen, 
without any sign of fire 

In order that a combustible material shall not only undergo 
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combustion, but shall continue to bum with production of light, 
it is necessary to heat the material up to a certain temperature, 
known as its ignition point. Combustion then goes on of itself. 
The explanation of this fact is that the velocity or vigour of 
every chemical change is increased by elevation of the tempera- 
ture. At the ordinary temperature, the oxidation of the candle 
or the coal takes place so slowly that no change is apparent even 
over long periods of time. If, however, the temperature of the 
combustible material is raised, the rate at which it reacts with 
the oxygen of the air rapidly increases, and consequently the 
production of heat which accompanies the reaction also rapidly 
increases until, at a certain point — the ignition point — the 
reaction takes place with such rapidity that the heat which is 
produced by the process of oxidation is sufficient to raise the 
substances to incandescence and also to maintain the burning 
substance at a temperature above the ignition point. The pro- 
cess of combustion is thus enabled to proceed continuously. 

On the other hand, if the burning substance is cooled 
sufficiently, the temperature is lowered to below the ignition 
point, and combustion ceases. A simple experiment will serve 
to demonstrate this important truth. If a piece of metal wire 
gauze is held at a distance of half an inch or an inch above a 
burner from which coal gas is issuing, and if a light be applied 
to the gas above the gauze^ it will be found that the flame of 
burning gas is arrested by the gauze and does not pass tlirough 
to the burner (Fig. 38) ; for the wire gauze conducts the heat 



Fig. 38 — Extinction of flame by wire, gauze. 


of the flame away so rapidly that the temperature is lowered to 
below the ignition point of the gas. Only after the gauze has 
become quite hot does the gas below the gauze become ignited. 
Similarly, if the gauze is brought down on a flame of burning 
gas, the flame is extinguished at the gauze. The gas itself, 
however, passes through, as can be shown by bringing a light to 
the upper surface of the gauze, when the gas will take fire. 

The cooling power of wire gauze received, early last century, 
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an application of the highest importance in the miner's safety 
lamp invented by Sm Humphry Davy (1778-1829), of whose life 
a short account will be given at a later point. This lamp has 
undergone a striking change and marked improvement since the 
time of its hrst invention, and the modern safety lamp (Fig. 39) 

shows little sign of the means 
whereby safety is secured. But 
on careful examination it is 
seen that all the holes through 
which air can pass to the flame, 
or the hot air and products of 
combustion can pass out, are 
protected by fine wire gauze. 
Although, therefore, the com- 
bustible gas, the “ fire-damp,’’ 
can pass through this gauze 
and can burn inside the lamp, 
the flame cannot pass through 
the gauze and be communicated 
to the explosive mixture of 
fire-damp and air in the mine. 

Waiming of the presence 
of the dangerous fire-damp is 
given to the miner through the 
luminous flame of the lamp 
becoming crowned by a “ cap ” 
of pale blue flame. The greater 
the amount of fire-damp the larger is the cap. 

Slow Combustion. — The process of combination with oxygen 
which, as we have seen, is the essential feature of the combustion 
process in air, may, however, go on appreciably even at tempera- 
tures below the ignition point. Thus, when fine iron filings are 
sprinkled over the surface of a wet test tube and the tube inverted 
over water, the iron slowly combines with the oxygen of the air 
and the water rises in the tube. In this experiment we have a 
demonstration of the familiar fact that iron, when exposed to 
moist air, rusts. Rust is an oxide of iron (Fe 203 ), and the 
process of rusting is therefore a process of oxidation, a process 
of combustion, against which it is necessary to protect, by paint 
or other means, all iron structures exposed to the air, if we would 
have them last. The rusting of iron is said to be a process of 
slow combustion^ because the temperature does not rise to the 
point of incandescence. Slow combustion can be demonstrated 
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Fig. 39. — ^IVIiner’s safety lamp. 

In the old form of lamp, A, the 
flame was surrounded by a closed 
cylinder of wire gauze which consider- 
ably diminished the light emitted by 
the lamp ; but in the modern type, B, 
a cylinder of glass is inserted, whereby 
the efficiency of the lamji is greatly 
increased- 
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oxygen more vigorously than iron does. When exposed to the 
air at the ordinary temperature, ‘aluminium remains apparently 
unchanged. As a matter of fact it rapidly combines with the 
oxygen of the air, but the coherent invisible film of oxide which 
is formed on the surface, protects the metal from further attack, 
and therefore no change is apparent. By coating the surface 
of the metal with mercury, however, a liquid amalgam or alloy 
of mercury and aluminium is produced, and the formation of a 
coherent film of aluminium oxide is thereby prevented. The 
aluminium is consequently no longer protected from the con- 
tinued action of the oxygen of the air. In this case it is observed 
that the aluminium undergoes oxidation quite rapidly, the 
oxide forming a moss-like growth on the surface of the metal. 
The heat which is produced by the oxidation, although quite 
marked, is dissipated so quickly that the temperature does not 
rise to the point of incandescence, and so no light is seen. 

Processes of slow combustion, or combustion unaccompanied 
by the emission of light, are going on continually within our 
bodies, and are the source of the heat by which the temperature 
of the body necessary for health is maintained. When air is 
drawn into the lungs, the oxygen passes or diffuses through the 
thin walls of the blood vessels and combines with the haemo- 
globin present in the red blood corpuscles. On the other hand, 
carbon dioxide passes from the venous blood into the air-spaces 
of the lungs and is expelled in the expired air. The oxygen, 
in the form of oxy-haemoglobin, is carried by the blood to all 
parts of the body, and oxidises or burns the lactic acid and 
other carbonaceous materials contained in the cells and tissues 
of the body. Carbon dioxide and water are thereby produced, 
and the former is conveyed by the venous blood back to the 
lungs and so got rid of. 

The presence of carbon dioxide in expired air is readily shown 
by blowing through a tube into clear lime water (a solution of 
slaked lime or calcium hydroxide in water). The liquid very 
speedily becomes turbid owing to the separation of insoluble 
carbonate of lime, formed by the combination of carbon dioxide 
with the slaked lime (see p. 155). 

In the processes of putrefaction and decay, also, we have 
examples of slow” combustion, in which animal and vegetable 
material is oxidised by the oxygen of the air with the co-operation 
of various micro-organisms ; and efficient aeration, as in a 
rushing and tumbling stream, is an excellent means of purifying 
water from all kinds of organic and harmful contamination. 

Spontaneous Combustion. — ^Under favourable conditions. 
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slow combustion may pass into rapid combustion with production 
of light. For, if the heat which is produced by the combination 
of the oxygen with the combustible material is prevented from 
being dissipated, the temperature will go on rising gradually ; 
and as the temperature rises, the vigour of the combustion or 
chemical combination increases. More and more heat, therefore, 
is produced in a given time, the temperature rises more and more 
rapidly until, finally, it reaches the ignition point of the com- 
bustible material. The slow combustion passes into rapid 
combustion, and the combustible material takes fire without 
the application of external heat ; in other words, it undergoes 
spontwrieous combustion. In this way arise, for example, the 
so-called gob fires, in spaces from which coal has been 
removed, and where coal-dust and fine coal remain behind ; 
so also may fire break out in coal bunkers and in other confined 
spaces in which combustible matter, like oily cotton waste, is 
stored without proper ventilation. Such spontaneous combus- 
tion vdll, of course, take place with special ease in the case of 
readily inflammable substances, or substances which have a low 
ignition point, such as phosphorus. Thus, if this substance is 
dissolved in the liquid known as carbon disulphide (a compound 
of carbon and sulphur), and if the solution is then poured on a 
sheet of filter-paper, or thin blotting-paper, the carbon disul- 
phide soon evaporates and leaves the phosphorus on the paper 
in a finely divided state. The oxygen of the air rapidly unites 
with the phosphorus, and the heat which is thereby developed 
soon raises the temperature to the comparatively jow ignition 
point of the phosphorus, and rapid combustion sets in. 

Although the most familiar examples of combustion are those 
which take place in air, the term combustion must not be 
restricted to such cases. Combustion, in its widest meaning, is 
a process of chemical action in which so much heat is generated 
that the burning substance becomes incandescent and emits 
light ; and such a process may occur even when no air or oxygen 
is present. Thus, for example, the gas hydrogen will burn not 
only in air, with production of the substance water (H2O), 
but it will also burn in the gas chlorine with formation of the 
compound known as hydrogen chloride (HCl), or hydrochloric 
acid gas. And similarly, other cases of combustion are known 
which do not depend on the presence of oxygen, and are not 
processes of oxidation. 

From the preceding discussion of combustion in which it 
has been emphasised that combustion is, in its essence, a process 
pTiPtnical reaction, it will be readily understood that the terms 
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combustible aud supporter of combustion are, in the case of gases 
at least, reciprocal terms. Hydrogen and coal gas (which is 
really a mixture of gases) are said to be combustible, and 
oxygen is said to be a supporter of combustion simply because 
our atmosphere contains free oxygen, whereas hydrogen and coal 
gas have to be made artificially and introduced into the air, 
through a tube or jet, for example. If, however, the atmosphere 
consisted of or contained not oxygen but hydrogen and if oxygen 
had to be made artificially, one would then say that hydrogen is 
a supporter of combustion and oxygen a combustible gas, for 
the oxygen gas could then be burned from a jet in an atmosphere 
of hydrogen. 

In Fig. 40 is shown a glass lamp chimney closed at the bottom 
by means of a cork. Through this cork 
there pass the tube. A, connected with 
a supply of coal gas, and the tube, B, j |J 

which is open to the air. The upper 
end of the lamp chimney is closed by an 
asbestos or metal plate pierced by a hole Il llilJi ll' 

about 1 era. in diameter. When desired, 
this hole can be closed by means of a A 

plate. 11 

Having closed the hole in the upper 
plate, the gas is turned on. This dlls 
the glass cylinder and escapes through 
the tube B, at the end of which it may jl 

be ignited. If the hole in the upper 
plate be now opened, the coal gas will 
pass through and may be ignited. At JJ 

the same time, owing to the draught B 

produced the flame which was burning ^ 
at the exterior end of tube B will pass 

along the tube and will come to rest at 40 .-CoaI gas bumtog 

the inter%or end of the tube, this name m air, and air in coal gas. 
being fed by air drawn in tlirough the 

tube B. There are now two flames : one, at the top of the 
cylinder, which is due, as one would say, to coal gas burning in 
air, and the other, inside the cylinder, at the end of the tube B, 
which, we must say, is due to air (oxygen) burning in coal gas. 

Even when the combustion is due to the combination of the 


combustible material with oxygen, to a process of oxidation as 
we have called it, the oxygen need not be present in the gaseous 
form, but may be yielded up by some compound containing it. 
Various well-known substances, such as chlorate of potash 
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(KCIO 3 ) and saltpetre or potassium nitrate (KNO*^), can act as 
suppliers of oxygen in this way, and the use of such substances 
for promoting combustion has long been known. Touchpaper^ 
for example, the slowly burning paper which is so familiar in 
connection with fireworks, is prepared by soaking paper in a 
solution of saltpetre, and allowing it to dry. The saltpetre is 
in this way deposited in the fibres of the paper and renders the 
latter more readily combustible. Such paper does not require 
the presence of gaseous oxygen for its combustion, but will burn 
in an atmosphere of nitrogen or other inert gas. In the case of 
gunpowder, also, as has already been pointed out, saltpetre is 
similarly made use of as a reservoir of oxygen. 

Production of Fire. — In order to bring about the rapid 
combustion which %ve call fire, it is necessary, as Ave have seen, 
to raise the temperature of some combustible material to a certain 
point, the ignition point. Nowadays this raises no difficulty; 
and it may be regarded as not the least of the services Avhich 
chemistry has rendered to man, that it has put it Avithin his 
poAver to obtain fire at will, with a minimum both of trouble 
^ and expense. From the primitive method of rubbing tAvo 
dried sticks together to the use of the flint and steel, and from 
the latter to the modern safety-match, is indeed an advance 
the importance of AA'hich for our modern civilisation it would be 
difficult to estimate and impossible to over-estimate. 

One of the characteristics of chemical action, as we have 
seen it exemplified in the process of combustion, is the production 
of heat, but it was not till early in the nineteenth century that 
practical suggestions were made for the employment of such 
means of producing fire. One of the earliest of these suggestions 
Avhich had a certain measure of success was made about 1810 
by a Frenchman named Chancel, Avho tip])ed strips of Avood 
with a mixture of potassium chlorate and sugar, bound together 
by means of gum. When this composition is dipped into con- 
centrated sulphuric acid (oil of vitriol), the very powerful oxidising 
agent chloric acid is set free. In contact with this acid the sugar 
is oxidised so vigorously that it takes fire ; and this combustion 
is then communicated to the wood splint, ymall cases with a 
set of matches and a bottle of sulphuric acid were sold under 
the names of Instantaneous Light Box and Hertner'’s 
Eupyrion. 

Late in 1826 or early in 1827, John Walker, an apothecary 
of Stockton-on-Tees, in Fmgland, invented a match the tip of 
Avhich consisted of a mixture of potassium chlorate and sulphide 
of antimony, and this mixture could be ignited by being drawn 
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between folds of glass paper. These matches, known as fric- 
tion-lights and later as lucifers, were the first friction matches 
used. 

Although the friction lights ’’’ were a great improvement 
on the flint and tinder then in use, they were soon superseded 
another match in which use was made of the readily inflam- 
mable substance phosphorus. 

Phosphorus d R non-metallic element, was discovered in 1669 
by Hennig Brand, an impoverished merchant of Hamburg, who, 
searching for the philosopher'^s 
stone (as the story goes) with a 
view to retrieving his fortunes, 
heated to a high temperature, 
along with sand, the residue left 
on the evaporation of urine .2 
He did not, it is true, succeed 
in the chief object of his quest, 
but he obtained instead a sub- 
stance which on account of the 
brilliance with which it glowed 
in the dark was called phosphorus 
mirabilis. It was exhibited at 
v|U‘ious Courts of Europe as one 
of the marvels of the time. 

At the present time, phos- 
phorus is produced industrially 
by heating to a high temperature 
in an electric furnace (Fig. 41), 
a mixture of calcium phosphate, 
silica (sand) and coke, when the 
following reaction takes place : 

2Ca3(P04)2 + eSiO. + IOC = eCaSiOg + P 4 + lOCO 

Calcium Silicon Carbon. Calcium Phosphorus. Carbon 

phosphate. dioxide silicate monoxide, 

(silica) 

The phosphorus vapour is condensed under water. When 
purified, phosphorus forms a white ^vax-like solid (for which 
reason it is called white phosphorus) which, as we have learned, 
glows in the dark owing to its combination with the oxygen of 
the air. It has a low melting-point (44° C.), and takes fire when 

^ From oj? (phos), light, and (pherein), to bear. 

^ This residue contains a ’compound of phosphorus known as sodium hydrogen 
ammonium phosphate, NaHNH4P0j,4ll20. It was called microcosmic salt by 
the alchemists because it occurs in what was regai'ded as an extract of the 
mwrocosrn. 



Eig. 41. — Electric furnace for the 
production of phosphorus (diagram- 
matio). 

The reaction mixture is fed in at 
the top of the furnace and is heated 
to a high temperature by the electric 
arc formed between the electrodes EE. 
Phosphorus vapour escapes through 
O and slag is run off through D. 
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heated in the air to about 35°. It burns vigorously in air or 
oxygen, forming, as has been pointed out, phosphorus pcntoxide 
(P'^Og). In moist air this oxide combines with water and forms 
droplets of an acid known as phosphoric acid. A dense cloud 
is thereby produced which settles only very slowly. For this 
reason, burning phosphorus was occasionally used for producing 
smoke screens in the Great War. 

Phosphorus is very poisonous, and inhalation of its vapour 
causes phossy-jaw,” or necrosis of the bones of the jaw. 



Phosphorus smoke screen produced by a bomb dropped fi om an aeroplane. 

In 1830, Charles Sauria, a French chemistry student at 
Dole, in the Jura, conceived the idea of incorporating in the 
composition used for matches, a small quantity of (white) phos- 
phorus, which, on account of its ready inflammability, seemed 
particularly suitable as a fire producer.! In 1832, this idea was 
successfully applied and phosphorus-tipped matches, known as 
Congreves, were very widely used until the end of the nineteenth 
century. The tips of these matches consisted, essentially, of a 

^ Even as early as 1786 an Italian, had brought out in Paris “ le briquet 
pbosphorique,” which consisted of a bottle coated internally vtith phosphorus, 
and matches tipped with sulphur. When one of the matches was rubbed agairist 
the inside of the bottle so as to remove a little of the phosphorus and was then 
brought into the air, the phosphorus took tire. Such a match was used by 
Earaday as late as 1827. 
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mixture of phosphorus and some substance rich in oxygen, such 
as potassium chlorate, or red lead (oxide of lead), bound together 
with gum or glue, and coloured with various pigments. The 
accidental fires, hoAvever, due to the ready inflammability of the 
phosphorus, and the general danger of its unrestricted use ; the 
number of deaths, accidental or intentional, produced by phos- 
phorus poisoning ; and the terrible disease known as phossy- 
jaw,’^ which attacked the workers in the match factories, led 
to a ban being placed on what had been hailed as a boon ; and 
the use of ordinary white or yellow ^ phosphorus has, in all 
civilised countries, been forbidden by law. 

The element phosphorus, however, exists not only in the 
readily inflammable and poisonous white variety, but also in a 
totally distinct form, that of a dark red crystalline powder — 
red phosphorus — which is insoluble in carbon disulphide. Such 
physically distinct forms of an element are frequently spoken 
of as allotropic ^ modifications. 

Since this red phosphorus, which is produced by heating white 
phosphorus in a closed vessel to a temperature of 240° C., is 
much less readily inflammable than white phosphorus and is also 
non-poisonous, attempts were made to utilise it for the manu- 
facture of matches. Difficulties were at first encountered, but 
these were ultimately overcome ; and the first so-called Swedish 
or safety match was manufoctured in Sweden in 1855. In these 
matches the red phosphorus is not incorporated in the match 
head, but is used in the composition with which the rubbing 
surface is coated. The match tip consists of a mixture of sul- 
phide of antimony (Sb 2 S 3 ) and an oxidising substance such as 
potassium chlorate, red lead (Pb 304 ) or potassium dichromate 
(K 2 Cr 207 ) ; and sulphur and charcoal are sometimes added. 
This mixture will not take fire when rubbed on a rough surface, 
but only when rubbed on the specially prepared surface which is 
coated with a paste of red phosphorus mixed, sometimes, with 
sulphide of antimony and powdered glass. Moreover, in order 
to diminish the risk of accidental fire through the glowing wood 
of a used match, safety matches are soaked in a solution of alum, 
sodium phosphate, ammonium phosphate, or some other salt. 
The charred wood of the match is thereby strengthened, and the 
match ceases to glow almost immediately after being blown out. 

When the use of white phosphorus was forbidden, the atten- 
tion of chemists was directed to the discovery of other materials 

^ When exposed to sunlight, white phosphorus slowly becomes yellow or 
even red in colour owing to its conversion into the so-called red phosphorus. 

^ From dXXos (alios), other, and Tpowos (tropos), mode. 
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which might be used instead, and a non-poisonous match was 
produced which possessed the advantage of the old phosphorus 
match, of striking on any rough substance. In the case of this 
strike anywhere ’’’ match, the tipping composition consists of 
a mixture of sulphide of phosphorus (P4S3) and potassium 
chlorate, or other oxidising material, bound together with glue, 
and powdered glass is also sometimes added to increase the 
friction and so facilitate the inflammation of the match head. 

To render the wood of the match more readily inflammable 
and so allow of the combustion passing on from the tip to the 
wood, the latter is impregnated with paraffin wax, although, 
sometimes, sulphur is employed instead. 



CHAFTKR XII 
MATTER AND ENERDY 

Forms of Energy. — In considering the process of combustion in 
air^ attention was directed mainly to the materials involved, 
the oxygen, carbon, sulphur, etc., and to the products of the 
reaction, such as carbon dioxide and sulphur dioxide. The 
definition of combustion, however, as a chemical change accom- 
panied by the emission of heat and light, clearly indicates that 
there is another aspect of the process to which consideration 
must be given. Heat and light are forms of energy^ and energy 
may be defined as work or the capacity for doing work. Com- 
bustion, therefore, must be considered not merely as a process 
whereby matter is transformed but as a process in which energy 
is set free ; a process which can be utilised for the performance 
of work. In the combustion of ordinary fuels, indeed, this 
aspect of the process is the most important. 

When wood or coal is burned in the domestic fire, or under 
a boiler for the production of steam, it is not the chemical nature 
of the fuel or of the products of* combustion which are really of 
interest, but the amount of energy in the form of heat which is 
liberated in the process of combustion. Similarly, when petrol 
(gasoline) is purchased for use in the engine of a motor-car, one 
is really buying so much energy, for it is the amount of energy 
which can be obtained from a gallon of the ‘fuel which is of 
importance. 

We see, then, that just as a reservoir of water at the top of a 
hill represents so much potential energy which, when the sluice 
gates are opened, becomes converted into Tcifietic energy or 
energy of motion which can then drive a turbine and become 
converted into mechanical energy ; so combustible substances, 
together with the oxygen of the air, represent so much potential 
energy, and the process of combustion is like the downward rush 
of the waterfall in being a process by which the potential energy 
becomes available for doing work. It is, then, in their power of 
liberating energy and of doing work that we see the real value 
of combustibles. 
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Although the association of energy with chemical change is 
made very obvious to us in connection with the process of com- 
bustion, it is also found in connection with all chemical changes. 
Every chemical system, every collection of substances which 
can spontaneously undergo chemical change, represents a certain 
amount of potential energy, and the material change which we 
observe, and which constitutes what we call a chemical reaction, 
is merely the outward sign of the conversion of so much potential 
energy (chemical energy) into other forms of energy — heat energy, 
liglit energy, electrical energy or some other form of energy. 
It is, moreover, mainly by learning how better to employ energy 
and how better to effect its transformation into different forms, 
that man has progressed towards a higher and xnore complex 
civilisation , and if one would grasp the spirit of modern 
chemistry and appreciate its importance in man'^s ascent from a 
state of primitive barbarism, pne must learn to regard a chemical 
change not merely as involving some material transformation, 
but as representing a flow of energy out of or into the substances 
undergoing change. 

Conservation of Energy. — Just as there exists a law of con- 
servation of mass so there is a Law of Conservation of Energy. 
The sum total of energy is constant and can neither be increased 
nor diminished — it can only be altered in form. Mechanical 
energy, for example, can be converted, through friction or 
rubbing, into heat energy ; and in this way primitive man 
obtained fire. Mechanical energy, also, can be converted into 
electrical energy, through the medium of the dynamo ; and 
chemical energy is converted into electrical energy in the voltaic 
cell. In each case, a definite amount of one form of energy is 
equivalent to a definite amount of another form of energy. 
Thus, the work which is done when a weight of 2000 grams 
(2 kilograms) falls through a distance of 21*3 cm., or when the 
weight of 1 pound falls through a distance of 3*08 feet, would, 
if it were completely converted into heat energy, give rise to 
1 calorie, an amount of heat which would raise the temperature 
of 1 gram of water by 1° C. Since the work done by a falling 
body is measured by the product of weight multiplied by the 
vertical height of fall, it will be clear from the preceding statement 
that 42,600 (2000x21*3) gram-centimetres or 3*08 foot-pounds 
of mechanical energy arc equivalent to 1 calorie of heat energy. 

Heat of , Reaction, — Although in the process of combustion, 
heat is evolved, it must not be thought that all chemical change 
is accompanied by an evolution of heat. In some cases, the initial 
substances possess less energy than the final products, and the 
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chemical change thex^efore takes place with absorptioii of heat. 
Energy, that is to say, must be supplied to the initial substances 
in order that they may pass into the final products of change. 
We distinguish, therefore, between exothermal reactions or 
reactions accompanied by evolution of heat, and endothermal 
reactions or reactions accompanied by absorption or taking 
in of heat energy. 

From the law of conservation of energy it follows that the 
change in energy which accompanies a chemical change or 
transformation of matter is, for a given weight of the reacting 
substances and under specified conditions, constant and definite 
in amount. When this energy is in the form of heat energy, it 
is spoken of as the heat of reaction^ and its value is positive or 
negative according as the reaction is accompanied by evolution 
or absorption of heat. 

When carbon {e.g, charcoal) is burned in air or in oxygen so 
as to form carbon dioxide, 96,700 calories of heat energy are 
liberated for every gram-atomic weight ^ (12 grams) of carbon 
burned : and this fact is represented by writing the equation 
for the process {of. p. 153) in the form : 

C + O 2 = CO 2 + 96,700 cal. 

The heat evolved, 96,700 cal., is called the heat of combustion 
of carbon (in the form of charcoal), or the heat of formation of 
carbon dioxide, and is the amount of heat liberated when 1 gram- 
molecule (44 grams) of carbon dioxide is formed by the combustion 
of carbon. ^ 

The equation for the combustion of carbon shows (cf p. 63) 
that 12 grams (1 gram-atom) of carbon require, for complete 
combustion, 32 grams (1 gram-molecule) of oxygen, or 22*4 litres 
of oxygen at N.T.P. Since the ratio of nitrogen to oxygen in 
the air, by weight, is as 77 : 23, or as 3-35 : 1, it follows that for 
every 32 grams of oxygen there must be 107*2 grams of nitrogen. 
The weight of air required for the complete combustion of 12 
grams of carbon is, therefore, 139*2 grams. Moreover, since 
the ratio of nitrogen to oxygen, by volume, is as 79 : 21, or as 
3*76 : 1, the volume of air, at N.T.P., required for the complete 
combustion of 12 grams of carbon, will be 22*4+84*2=106*6 
litres. 

If one employs, as is usually done in technical practice, the 
pound as unit of weight and the cubic foot as unit of volume, 
the appropriate calculation shows that 12 lbs. of carbon require, 

1 The atomic weight expressed in grams. 
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for complete combustion, 378-3 cubic feet i of oxygen, or 378-3 
+1422=1800-3 cubic feet of air, at 60° F., and under a pressure 
of 30 inches of mercury. 

For the combustion of hydrogen, we have the equation : 

2 H 2 + 03 = 2 H 2 O + 2x68,300 cals. 

Liquid. 

That is to say, when 2 grams of hydrogen are burned in air 
or in oxygen so as to form 18 grams (1 gram-molecule) of water, 
and when the water vapour formed is condensed to the liquid 
state> 68,300 cals, are evolved. This is the heat of combustion 
of hydrogen. 

if the water vapour is not condensed to the liquid state, the 
heat of combustion will be less than 68,300 cals, by 9700 cals., 
which is the latent heat given out by 18 grains of steam on 
condensing to water. 

As in the case of carbon, one can calculate the weight and 
volume of oxygen or of air required for the combustion of a 
given amount of hydrogen, and one finds that for the combustion 
of 2 grams of hydrogen (occupying a volume of 22-4 litres at 
N.T.P.), there are required 16 grams of oxygen, or 11-2 litres 
of oxygen at N.T.P. When burned in air, 2 grams of hydrogen 
will require 69*6 grams of air, or 53*3 litres of air at N.T.P. 

Further, 2 lbs. of hydrogen (occupying a volume of 378*3 
cubic feet at 60° F, and under a pressure of 30 inches of mercury) 
will require for combustion, 189*2 cubic feet of oxygen, or 900*2 
cubic feet of air at 60° F. and under a pressure of 30 inches of 
mercury. 

Carbon Monoxide. — When carbon is burned in a deficient 
supply of air, there is formed not carbon dioxide but a very 
different gas known as carbon monoxide^ the combustion taking 
place in accordance with the equation : 

2C + Oo = 2 CO + 2x29,000 cal. 

Carbon 

monoxide. 

That is to say, for every 12 grams of carbon burned, only 29,000 
cal. of heat are liberated in place of the 96,700 cal. obtained 
when the carbon burns in an abundant supply of air. 

Carbon monoxide^ which was first obtained in the eighteenth 
century by heating oxides of metals with charcoal and which 
is produced in large quantities at the present day in many 

^ The molecular weight of a gas expressed in pounds (e.g. 32 xjounds of oxygen), 
occupies a volume of 378*3 cubic feet at 60° P. and under a pressure of 30 inches 
of mercury. 
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metallurgical operations, can readily be obtained by passing 
carbon dioxide through a tube in which charcoal or carbon is 
heated to a bright red heat. At this high temperature, the 
carbon combines with part of the oxygen of the carbon dioxide, 
as shown by the equation : 

C + CO 2 = 2CO 

Caibon. Carbon Carbon 

dioxide. monoxide. 

The production of carbon monoxide is frequently observed 
in a brightly glowing coal fire. The coal lying at the bottom of 
the grate unites with the oxygen of the incoming air to form 
carbon dioxide : and this gas, passing up through the glowing 
mass of coal (carbon) is reduced^ as it is said, to carbon monoxide. 
The carbon monoxide is an inflammable gas and burns with a 
blue flame at the top of the glowing mass of coal. 

Carbon monoxide differs from the dioxide not only in being 
a combustible gas but also in being intensely poisonous. This is 
due to the fact that the gas combines with the haemoglobin of 
the blood to form a very stable, bright -red compound, carboxy- * 
haemoglobin, so that the haemoglobin is no longer able to take 
up oxygen from the air entering the lungs and to carry it to the 
different tissues of the body. The presence of even 1 volume 
of carbon monoxide in 6000-10,000 volumes of air will cause 
headache and produce symptoms of poisoning, while if 1 per cent, 
of carbon monoxide is present, unconsciousness and death will 
occur in a few minutes. Many cases of poisoning by carbon 
monoxide have occurred owing to its presence in illuminating 
gas, and in the products of imperfect combustion in stoves or 
in the engines of motor-cars, from which it passes out in the 
exhaust . 2 In cases of necessity, however, one may protect 
oneself from harm by wearing a gas mask in which the air con- 
taining carbon monoxide is drawn over a mixture of the oxides 
of manganese, copper, cobalt and silver — a mixture known 
technically as hopcalite. On passing over this mixture, the carbon 
monoxide is oxidised to carbon dioxide by the atmospheric oxygen. 

When carbon monoxide is burned, heat is evolved in accord- 
ance with the equation : 

SCO + O 2 = 2 CO 2 + 2x68,000 cals. 

Allotropic Forms of Carbon. — To regard a substance, as 

^ The term reduction, which is the converse of oxidation, is applied to a process 
whereby the proportion of oxygen in a compound is decreased. 

® Owing to the presence of carbon monoxide (5-9 per cent.) in the exhaust 
gases of a motor car, the unwisdom of runnine the engine m a closed garage mil 
be obvious. 
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has been done in tlie preceding pages, as the vehicle of so much 
energy, and a chemical change as the outward and visible sign 
of energy change, is at once very instructive and suggestive ; 
for it is clear that if one could make a substance take up energy 
— if one could, as it were, pump energy into a substance — one 
would thereby alter the amount of energy of which that substance 
is the carrier, and so change its properties. Such changes can, 
as a matter of fact, be brought about, and not a few elements 
are knovm to exist in so-called allotropic forms or modifications 
(p. 177), which differ from one another in containing or being 
the carriers of different amounts of energy. 

The most familiar and longest known example of allotropy 
is found in the element carbon, which occurs naturally in the 
two different crystalline varieties, diamond and graphite. That 
these two physically different materials are chemically identical, 
is shown by the fact not only that they each yield carbon dioxide 
on being burned in oxygen, but that from equal weights of the 
allotropes equal weights of carbon dioxide are produced. Besides 
those t\vo crystalline allotropes of carbon there are a number of 
so-called amorphous varieties of carbon, e.g. wood charcoal, 
animal charcoal, lampblack (soot), coke, etc. These materials, 
however, which are formed by the decomposition by heat of 
complex compounds, are not, perhaps, all pure carbon but 
contain probably other elements {e.g. hydrogen) in small 
and varying amounts. That this amorphous carbon and the 
two crystalline forms of the element are associated with 
different amounts of energy is made clear by the fact that the 
heats of combustion are different. Thus, 1 gram of diamond, 
graphite and amorphous carbon yield, when burned completely 
to carbon dioxide, 7873, 7832 and 8060 calories respectively. 
Charcoal (amorphous carbon), therefore, contains the largest, 
and graphite the smallest, amount of energy, and these are, 
respectively, the least and the most stable forms of carbon. 
The difference in energy content is probably associated with a 
difference in the arrangement of the electrons within the atom 
and in the arrangement of the atoms in the crystalline structure. 

Diamond, — Diamond, the purest naturally occurring form 
of carbon and the most valuable of gems, known only to kings 
(as Pliny wrote of it), was introduced into Europe from India 
where, even at an early period, it had been found in various 
alluvial deposits. These deposits, over which legend and myth, 
such as Sinbad’s tale of the Valley of Diamonds,’’*’ have cast a 
glamour, were almost the only source of diamonds until about 
1725, when the diamond mines of Brazil were opened up. One 
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day, in 18G7, howevci", children amusing themselves on the hank 
of the Orange River in South Africa, picked up a pebble of 
special brilliancy vdiicli was passed, somewhat carelessly, from 
hand to hand until it reached an expert, who recognised it to be 
a diamond worth X\500. Soon after, other diamonds Avex'e dis- 
covered in the alluvial deposits of the Orange and Vaal Rivers, 
but the importance of these deposits was overshadowed in 
1870-71 by the discovery of great diamond “ pipes ” at what 
later became Kimberley and at various places in its neighbour- 
hood. These pipes,’’ which may, perhaps, be the necks of 



Firing a blast at tbe Preinier Diamond Mine. 


extinct volcanoes, extend vertically downwards to some unknown 
depth, and are filled with a heterogeneous rocky mass, known 
as t*’ blue ground,” in which the diamonds are exnbedded. 
Originally worked from the top, these pipes of blue ground are 
now mined by means of tunnels and galleries run in at different 
levels from a main shaft. 

By far the largest deposits of diamonds are found, however, 
at the Premier Mine near Pretoria, in the Transvaal, wRich was 
opened only in 1903. In this enormous pipe,” having an area 
of over 370,000 sqiiare yards, and constituting the largest diamond 





stone, which weighed nearly 3026 carats ^ (1*37 lbs. avoirdupois), 
was presented by the Transvaal Governiximt to King Edward VII. 

^ The term carat is derived from oarob bean formerly used, as a unit of weight, 
by diamond merchants in India. Its value is now fixed internationally at 200 
milligrams. 
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mine in the world, the great Cullinan diamond (called after the 
founder of the conipari}^) was found in January 1905. Tins 
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It was cut into a number of stones, and the largest two of these 
(weighing 516-5 and 309 carats respectively) — ^the largest 
brilliants in existence — are among the Crown Jewels of Great 
Britain. 

Not only from the mines but also from alluvial deposits 
worked, more especially, at Lichtenburg in the Transvaal and 
near Port Nolloth in Namaqualand, diamonds are obtained 



(Courtesy de Beers Consolidated M%nei>, Ltd ^ 
Diamond crystal in blue ground. 


in considerable quantity, so that South Africa now supplies 
upwards of 90 per cent, of the total world production of diamonds. 

In order to obtain the diamonds from the “ blue ground ” in 
which they are embedded, the latter is crushed and shaken with 
water, so as to set free the diamonds and wash away the lighter 
earthy matter. The “■ concentrates,” consisting of diamonds 
and other minerals, are then carried by means of a regulated 
stream of water over large plates coated with grease. The 
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diamonds sink through tlie water and are caught in the grease, 
because the surface attraction between diamond and grease is 
greater than between diamond and water. The other minerals 
(garnets, etc.) are carried along in the stream of water. 

Diamonds occur in single crystals, generally in the form of 
octahedra. For the most part, they arc colourless and trans- 
parent, but some are of a pale yellow, blue or green colour. 
The index of refraction of light is high, and for this reason the 
diamond, when suitably cut and polished, strongly x'efracts and 
scattei-s the light, and so scintillates and flashes in varied colours. 
The diamond is the hardest of all naturally occurring sub- 
stances,! and is, in consequence, used as a cutting, drilling and 
polishing material. For this purpose, the impure black diamonds, 
known as carbonado or bort^ are largely employed. When heated 
to a high temperature out of contact with the air, diamond is 
converted into graphite. 

Graphite. — Graphite, which is frequently also called black- 
lead or plumbago, on account of the fact that at one time it was 
confused mth certain black ores of lead, occurs naturally in 
greyish-black, lustrous masses more especially in Ceylon (where 
the largest amount of graphite is mined), and in Madagascar. 
Deposits are also found in Bohemia, Siberia, America and else- 
where. It crystallises in plate-shaped crystals which readily 
slide over one another, so that graphite has a greasy or unctuous 
feel and is largely used as a lubricant. Unlike diamond, graphite 
is soft and readily marks paper,^ and for this reason it has been 
employed, from the middle of the sixteenth centuiy at least, for 
the manufacture of lead pencils. For this purpose, the graphite 
is now ground to a fine powder, washed with water to remove 
impurities and mixed jvith varying quantities of clay or powdered 
retort carbon, in order to produce pencils of different hard- 
ness.’’ The graphite paste is squirted ” through a die so as 
to form rods, and is then fired. 

On account of its great resistance to heat ^ and the slowness 
with which it reacts with the oxygen of the air, graphite, mixed 
with a little clay, is largely used in the manufacture of crucibles ; 
and as it is also a good conductor of electricity, it is used in the 
construction of dry cells and as electrodes in electro-chemical 
processes. 

Graphite is now manufactured artificially in large quantity, 

^ The word diamond ls a corruption of the Latin word adanuis ((^reek dSafias), 
meaning invincible, and was aioplied to a very hard metal or minei*aJ. 

2 The name graj)hite is derived from the Greek verb ypdcf>€Lv (graphein), to 
write. 

® Grajihite melts only at a temperature of about 3500° C. 
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more especially at Niagara Falls, by a process due to the American 
chemist, Edward G. Acheson* For the production of Acheson 
graphite, amorphous carbon (anthracite, coke, etc.), mixed with 
a small amount of oxide of iron, alumina or silica, and made into 
a stiff paste with tar, is heated to about 3000° C., in an electric 
furnace, similar to that used for the manufacture of carborundum 
(see later). The silica and metal oxides added to the coke facili- 
tate its conversion into graphite owing to the fact that compounds 
(known as carbides^ are first formed and are then decomposed 



{Courtesy Acheson Cra'pJnte Corporation ) 
Graphite furnace in action. 


at the high temperature of the furnace, the carbon being deposited 
as graphite. 

The artificial graphite is superior to the natural mineral by 
reason of its greater purity and uniformity. In the diamond 
crystal, we have seen, the atoms of carbon are arranged in hexa- 
gonal formation, but the carbon atoms in the different layers do 
not lie in one plane.- The layers are ‘‘‘‘ puckered,^^ as one can 
see on examining the model. In the case of graphite crystals, 
the same general arrangement of carbon atoms is found, but 
there are certain important differences in detail. In the case of 
graphite, the layers of carbon atoms are no longer puckered but 
are smoothed out to a plane and the distance between the layers 
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is greater than in the case of the diamond. For this reason 
graphite is softer than diamond and the layers move more 
easily over one another. To this is due the action of graphite 
as a lubricant. 

Charcoal and Lampblack. — Charcoal, which is perhaps the 
most important of the so-called amorphous fox'ms of carbon, is 
obtained by heating wood, bone, coconut shell, or other car- 
bonaceous matter, in a closed vessel, or retort, out of contact 
with the air. When wood is so heated, volatile products — wood 
tar, water, wood spirit, acetic acid, acetone, and various gases — 
pass off and charcoal remains in the retort. This wood charcoal 
retains to some extent the structure of the wood, and the mineral 
matter originally present in the wood — potassium ^carbonate, 
calcium carbonate, silica — is also present. 

Owing to the fact that charcoal possesses a very porous and 
foam-like structure, it exhibits, in a very high degree, the 
property of condensing on its surface or adsorbmg, different 
gases and vapours ; ^ and for this reason charcoal may be used 
for the removal of foul or noxious gases from the air. It found 
important application during the Great War in the construction 
of gas masks for protection against poison gas ; and it is now 
largely used for removing gasoline vapour from the natural 
gas which escapes from many oil wells. The gasoline can be 
. recovered by heating the charcoal. 

The adsorptive power of charcoal is very greatly increased 
by lowering the temperature ; and this fact is made use of for 
the purpose of producing high vacua. The tube or vessel to 
be evacuated is connected with a tube containing charcoal cooled 
by means of liquid air. Owing to the fact that helium is adsorbed 
to a very much less extent than other gases, a separation of this 
gas from the others can be effected. 

Not only has charcoal the property of adsorbing gases, but 
it can similarly remove substances from solution. It is, therefore, 
frequently used for the removal of coloured impurities from 
liquids. A solution of litmus, for example, can be decolorised 
by shaking with charcoal ; and this material is also used in sugar 
refining for the removal of the brown colouring matter from the 
crude syrup. 

Lampblack, produced by the imperfect combustion of the 
residues left on the distillation of coal-tar, by burning natural 
gas against a cold metal or other suitable surface, and in other 
ways, is extensively used for the manufacture of printer’s ink, 

^ It has been estimated that charcoal majr expose a surface of 20,000 square 
yards, or about 4 acres, for 1 cubic inch of material. 
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India ink, and boot- blacking. In the rubber industry, also, 
lampblack finds a most important application, its incorporation 
into rubber giving to this material an increased toughness, 
elasticity and durability. 

The element carbon occurs very widespread in nature, not 
only in the elementary state but also in the form of compounds. 
It is an essential constituent of all animal and vegetable matter, 
of carbon dioxide and the carbonates {e.g. limestone and dolo- 
mite), of petroleum and of coal ; and the number of its compounds 
is so large that their study now constitutes a special branch 
of chemistry known as organic chemistry. 

Ozone. — In the case of oxygen we have another example of 
an element existing in allotropic forms and associated with 
different amounts of energy. 

Even at a very early time it was perceived — and of this 
Homer repeatedly makes mention — ^that the passage of lightning, 



The inner metal tube, through which water can be passed, is surrounded by a 
wider glass tube, coated on its outer surface with tin foil. Oxygen (or air) is 
passed through the wider tube. When the tin foil and the inner tube are connected 
with the secondary poles of an induction coil, a brush discharge takes place across 
the annular space which separates the two tubes. 

or Jove^’s thunderbolts, was accompanied by a peculiar odour, 
likened to the fume of burning sulphur ; and in 1785, the odour 
was observed still more distinctly by the Dutch physicist van 
Marum, when a frictional electric machine was in operation. It 
was not, however, till 1840 that Christian Friedrich Schon- 
BEiN (1799-1868) — a Swabian by birth and Professor of Chemistry 
in the University of Basle from 1829 till his death — ^traced the 
cause of the odeur electrique to a definite gaseous substance to 
which he gave the name ozone. i 

Ozone is produced when oxygen is passed through a space 
across which a brush discharge of electricity is taking place, as 
in the apparatus shown in Fig. 42. The oxygen takes up or 
absorbs some of the energy of the discharge and passes into the 
gas ozone, which betrays its presence by its characteristic odour. 

1 From the Greek 6^co (ozo), I smell. 
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If the gas is passed through a tube immersed in liquid air, the 
ozone condenses to a deep blue coloured liquid, which readily 
undergoes explosive decomposition with formation of ordinaiy 
oxygen. 

Since experiment has shown that ozone is formed from the 
element oxygen, and that when it decomposes it yields the 
element oxygen again, it is clear that the molecule of ozone must 
be built up of the same atoms as oi'dinary oxygen. It has, 
however, been found that whereas the molecular weight of 
oxygen is 32, the molecular weight of ozone is 48, or three times 
the atomic weight of oxygen. The molecule of ozone, therefore, 
must consist of three atoms of oxygen (O3), whereas the molecule 
of oxygen consists only of two (Oo). The material change, 
therefore, or the chemical change wliich accompanies the absorp- 
tion of energy, in the production of ozone, is the addition of a 
third atom of oxygen to the molecule of that gas. 

The fact that the molecule of ozone is associated with more 
energy than the molecule of oxygen, is shown by the fact that 
when ozone passes into oxygen, heat is eA^olved in accordance 
with the equation : 

2 O 3 = 30^ + 61,400 cal. 

Since ozone contains more energy than ordinary oxygen, it 
is a more active oxidising agent. It liberates iodine, for example, 
from a solution of potassium iodide,^ and it tarnishes the surface 
of mercury. It destro^-s bacteria, and has therefore been used 
for the sterilisation of water ; and it is also used for bleaching 
hour, starch, waxes, etc. 

^ In accordance with the equation : 

O3 + 2 KI + = 02 + I2 -f 2 KOH 

Ozone. Potassium Water Oxygen Iodine. I^otassium 

hy dioxide 
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FUELS AND ILLUMINANTS 

At the present day by far the greatest part of the energy neces- 
sary for the continuance of vital activity, as well as for carrying 
on the industrial life of the world, is derived from the energy 
of combustion of carbon and of its compounds. Through the 
oxidation of cai'bonaceous food by means of the oxygen taken 
in through the lungs, the vital activity of the animal organism 
is maintained ; and the inert carbon dioxide which is produced 
is sent into the atmosphere in the expired air. The carbon con- 
tained in the carbon dioxide, however, does not thereby cease 
to be available, for the green plants, absorbing the radiant energy 
of sunlight, transform and utilise the carbon dioxide for the 
purpose of building up their own structures and producing 
compounds like starch and sugar, which again become the food 
and the source of energy in animals. In the case of the element 
carbon, which constitutes the basic element of all living matter, we 
find a continual circulation in nature, whereby the mutual preser- 
vation of the animal and vegetable worlds is secured. The green 
plants, as we see, act as transformers of the radiant energy of 
sunlight into the potential energy of combustible substances. 

Solid Fuels and Illuminants. — Until comparatively recent 
times, down, say, to the sixteenth or seventeenth century, wood 
or wood charcoal was probably the almost universal fuel, industrial 
as well as domestic ; but from the seventeenth century, from the 
time, in fact, when, in 1621, the English iron-master. Dud Dudley, 
introduced coal or coke in place of charcoal for the smelting of 
iron-ores, coal has become, in an ever-increasing degree, the 
immediate source of the enex'gy on the utilisation and trans- 
formation of which our present-day civilisation depends, and it 
now occupies a position of unquestioned pre-eminence. 

Wood . — ^In some of the great timber-producing countries, 
wood is still used to some extent as a fuel, although the increasing 
demand for timber, not only for constructional purposes, but also 
for use in many manufactures (of which the manufacture of paper 
may be taken as an example), makes the conservation of timber 

193 11 
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supplies increasingly urgent. For domestic heating, undoubtedly, 
the cheerfully burning wood fire possesses many attractions, and 
ivhen one tMnks of the crackling wood and the dancing flames 
it is easy to understand the enthusiasm with which Robert 
Louis Stevenson, sheltering in the derelict blacksmith^s forge 
at Silverado, on the slopes of Mount St. Helena, California, 
eulogised that good creature — fire, which gives us warmth 
and light and companionable sounds, and colours up the emptiest 
building with better than frescoes.’’ 

It is, however, not ivith the cheerfulness with which the wood 
burns that we are concerned here, but with the important 
question of how much heat, how much enei’gy it gives out on 
combustion ; and when one considers the calorific value ” of 
wood, one finds it to be comparatively low, as shown by the 
number in the following table. 


Table of Calorifig Values. ^ 



Carbon. 

Hydrogen. 

Oxygen. 

Calorific value 

B T.XJ. per lb. 

Cellulose (CeHmOO?? 

44 5 

6*2 

49 3 

7,500 

Wood (dry) . 

50-0 

6-0 

44*0 

8,600 

Peat (Irish) . 

60-0 

59 

34-1 

9,900 

Lignite .... 

67-0 

5-2 

27 8 

11,700 

Bituminous coal 

88 4 

5 6 

6-0 

14,950 

Anthracite 

! 

94-1 

3-4 

2 5 

15,720 


And the reason for this low value is not far to seek. 

The combustible matter of wood consists, in the main, of 
the substance cellulose^ which, as the numbers given in the table 
show, contains a large amount of oxygen. The compound may, 
therefore, be regarded as one which has already undergone 
extensive oxidation or extensive combustion. In fact, as the 
formula, CeHio05y indiciifes, hydrogen and oxygen are present 
in the in the same f^tip as they are present in water, 

namely, two atoms of hydrogen to one atom of oxygen. We may, 
therefore, regard the hydrogen as completely oxidised or burned, 
and the heat of combustion of cellulose is, in consequence, equal 
(practically) only to the heat of combustion of the carbon present 
in it. 

In the case of dry wood, in which the percentage of carbon is 

^ It must be noted that wood, peat and coal are not definite chemical com- 
pounds, and that the composition of the different kinds of coal may vary con- 
siderably. The numbers given m the table, therefore, are only approximate 
values representing, as it were, the composition and calorific value of an average 
member of the different classes. 
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higher than in cellulose^ and in which other (resinous) sub- 
stances of liigher calorific value are present, the calorific value 
is higher than that of cellulose. It is, however, still rather low, 
and, under ordinary conditions, the calorific value is considerably 
less than that shown in the table, owing to the presence of from 
15 to 20 per cent, of moisture. The value of wood as a fuel, 
therefore, is much less than that of coal which has a much higher 
heat of combustion. 

Coal. — Coal, the nature and composition of which may vary 
very greatly, consists of the fossil remains of early, luxuriant 
vegetations — growing, decaying, accumulating, more especially 
in swampy districts, as in the Dismal Swamp of North Carolina 
and Virginia, where one can observe the formation of future 
coal-measures going on at the present day. Through an age- 
long process, the cellulose, of which the woody fibre essentially 
consists, is converted into more highly carbonised compounds, 
the proportion of hydrogen and oxygen becoming diminished 
owing to the formation of gaseous substances such as carbon 
dioxide and marsh gas. From the figures given in the above 
table, one can recognise the gradual carbonisation of cellulose, 
the materials peat, lignite or brown coal, bituminous coal and 
anthracite representing progressive stages in the natural process. 

The process of carbonisation is accompanied by a diminution 
of the amount of gaseous and volatile matter which the fuel can 
yield on being heated, and this markedly affects the manner in 
which the different materials burn. Dry wood, as is known, 
burns readily and with a bright and cheerful flame, but anthracite, 
which represents the most advanced stage in the natural process 
of carbonisation of woody fibre, is ignited only with difficulty, 
and burns with a very small and not strongly luminous flame. 

When one examines the different solid fuels from the point 
of view of their calorific value, it is found, as the figures in the 
last column of the table given above show, that with the pro- 
gressive carbonisati 6 n 5 the heat-producing power of the fuel 
increases, so that among all the solid fuels, anthracite stands 
pre-eminent. A British thermal unit ^ represents the amount 
of heat required to raise the temperature of one pound of water 
through F., and the numbers in the table show that whereas 
one pound of dry wood will give out, on burning, about 8600 
units, an equal weight of bituminous or household coal will 
yield about 14,900, and anthracite will give 15,700 units. Since, 

1 Heat energy, as has been pointed out (p. 180), is very frequently measured 
also in calories, a calorie being the amount of heat required to raise 1 gram of 
water through 1° C. A British thermal unit is equal to 252 calories. 
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therefore, coal is purchased not for the sake of the material itself 
but for the energy which can be obtained from it, it is surely only 
rational that the price paid should be related to the heat- 
producing value of the coal. This is, in fact, the basis on which 
many large consumers of coal contract for their supplies. 

During the past fifty or sixty years there has taken place 
throughout the world an enormous increase in industrial pro- 
duction, and the gi'eat river of energy which has thus flowed 
through the channels of industry, has had its source mainly in 
coal. The control and direction of such a flow of energy is a 
matter on which man may legitimately congratulate himself, 
but some anxiety cannot but be felt at the rate at which the 
great reservoir of energy is being depleted. The world'^s work- 
able coal-supply, it has been estimated, amounts to some seven 
million million tons, and as this is being consumed at the rate 
of about fourteen hundred million tons a year, the coal re- 
serves of the world will be exhausted in some five thousand 
years. 

The depletion of their coal reserves is for some countries 
much more serious than for others, owing to the way in which 
the coal reserves are distributed throughout the different 
countries of the world. Thus, while the United States possess 
51*8 per cent, of the world supply, Canada possesses only 16*4, 
China 13*5, Germany 5-7, and Great Britain 2*6 per cent. At 
the present rate of production, the coal reserves of the United 
States will last five thousand years ; those of Great Britain 
less than one thousand years. The question, how most efficiently 
to utilise the irreplaceable coal reserves is, at the present day, 
exercising the minds of the scientific leaders of industry and is 
coming to be regarded, in most countries, as a matter of urgent 
national importance. 

The Distillation of Coal . — Coal is not a definite chemical 
substance, but a complex mixture of substances, the nature 
of which is not yet definitely known. The’ essential elementary 
constituents of coal are, as we have seen, carbon, hydrogen 
and oxygen, but the elements nitrogen and sulphur also occur 
in small amounts. Since the composition of the different kinds 
of coal varies considerably, as shown by the table on p. 194, 
it will be readily understood that when coal is subjected to 
destructive distillation by being heated in retorts out of 
contact with air, the nature of the products as well as their 
relative amounts will depend on the kind of coal distilled. 
They depend, also, very markedly on the temperature at which 
the distillation is carried out. 



FUELS AND ILLUMINANTS 


197 


When bituminous coal i is subjected to destructive dis- 
tillation,’’’ there are produced : (1) a combustible gas, used for 
heating and for illuminating purposes ; (£) a watery liquor con- 
taining ammonia, derived from the nitrogen compounds con- 
tained in the coal ; (3) a dark-coloured liquid, coal tar ; (4) coke, 
which remains as a solid residue in the retorts. The nature of 
this solid residue depends on the temperature of distillation. 

When the main object is to produce gas for heating and 
illumination, or hard coke for use as a fuel or in iron smelting 
and other metallurgical operations, the distillation is carried 
out at a temperature of about 1100° C. Under such conditions, 
one ton of dry coal yields about 11,500 cubic feet of gas, 25 lbs. 
of sulphate of ammonia (ammonium sulphate), 120 lbs. of coal 
tar and 1500 lbs, of coke. 

The co/ce, which is obtained by so-called high temperature 
distillation (at about 1100°), has a calorific value of about 
13,000 B.T.U. per lb. Although it may be used as a fuel in 
furnaces and closed stoves, it does not ignite or burn readily in 
an open fire-place. It is, therefore, not very suitable for ordinary 
domestic heating. If, however, the distillation is carried out 
at a temperature of 500°-600° C. (so-called low temperature 
carbonisation), a semi-coke is obtained which retains sufiicient 
volatile matter to enable it to burn readily and without smoke in 
the ordinary grate. Considerable quantities of this low-tempera- 
ture coke, having a calorific value of about 13,500 B.T.U. per 
ib., are now produced and sold under various names, e,g. coalite. 

Not only does the nature of the coke vary according as it 
is produced by high-temperature or by low-temperature dis- 
tillation, but marked diff'erences are also found in the other 
products of the operation, the gas and the tar. These will be 
considered more fully presently. 

Solid Illuminants. Candles. — The production of light 
depends in all cases, with the exception of electric light, on the 
process of combustion in air, and it is therefore only what one 
would expect, that man first made use of those naturally occurring 
substances and materials which can be burned without requiring 
previous special treatment. While the flame of burning wood 
was, perhaps, man’s first illuminant, the vegetable oils, such as 
olive oil and rape-seed oil, furnished, from a very early period, 
the main light-giving material ; and at a later date, the need of 
a vessel to contain the oil was done away with by using the 
solid animal fats, in the form of candles. 

For the earliest candles, a solid animal fat was employed, 

^ Anthracite yields practically no volatile products on distillation. 
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such as ox-fat or tallow, and the candle was made by repeatedly 
dipping the wick into the melted tallow. At first, the wick 
was made from the dried pith of the rush (whence was derived 
the name rushlight)^ but later, wicks of cotton fibre were 
employed. From the manner in which they were made, these 
candles were called dips. 

In the making of the modern candle, the fat or tallow is 
first ‘■‘‘rendered,*'" by boiling with acidified water in order to 
separate the fibrous matter from the fat, and the latter is then 
subjected to the action of superheated steam in presence of a 
little slaked lime or an acid. Thereby, as we shall learn more 
fully later, the fat is decomposed into glycerine and the acids 
with which it was combined — stearic, palmitic and oleic acids. 
After purification, the mixture of acids is distilled, and the solid 
acids separated from the liquid oleic acid by pressing. The solid 
thus obtained consists mainly of stearic acid or stearin, and forms, 
generally with the addition of a small quantity of paraffin wax, 
the material of the ordinary stearin candle of the present day, 
This candle has the advantage over the old tallow dip in being 
harder and cleaner to handle, in having a better appearance 
(white and opaque), in showing no tendency to bend or to 
gutter, and in burning with a bright and smokeless flame. 

The paraffin wax, to which we have just referred, is itself 
also largely used for making candles. It is a white material 
which was, at first, chiefly obtained by heating in retorts, or 
distilling, the oil shale found in the Lothians, Scotland. Paraffin 
wax is now also produced in large quantities in Germany by 
distilling brown coal or lignite, and is likewise obtained from 
American, Galician, and especially from Burma or Rangoon 
petroleum. It consists of a mixture of compounds (p-g* C27H5g 
and C3OH02) which contain only hydrogen and carbon, and are 
therefore called hydrocarbons; it thus belongs to an entirely 
different class of compounds from the fats or the fatty acids, 
all of which contain oxygen. Before being employed for the 
making of candles, the crude paraffin is subjected to a refining 
process for the purpose of obtaining a wax of higher melting- 
point and free from coloured impurities. The material so 
obtained is valued for its slightly translucent appearance, but 
it has the disadvantage, as compared with stearic acid or stearin, 
that when exposed to a warm atmosphere, it is liable to bend 
under its own weight. 

The wax candles formerly so highly prized were made of 
bees-wax, a substance related in its composition to the fats and 
oils, and consisting mainly of a compound of palmitic acid with 
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an alcohol known as melissyl alcohol. Sperma^etfj a- simite^ 
compound obtained from the oil of the sperm whale QpJiyseter^ 
macrocephalus)^ is another excellent but expensive material used 
in the manufacture of candles. Candles made of tliis material 
were long used as a standard measure of artificial light, on 
account of the large and regular flame with which they burn. The 
hard China wax, produced by a coccus, a small insect similar to 
the wood-louse, and various kinds of vegetable wax are also used 
for candle-making in China and Japan. 

Although the materials of wdiich candles are made are, of 
course, combustible, it should be remembered that they do not 
burn unless the temperature is raised to a point sufficiently high 
to cause them to pass into vapour ; and it is the vapour wliich 
burns and so gives rise to the flame. 

In the old tallow candles, the wick required to be snuffed 
from time to time ; that is, the charred end of the wick had to 
be removed with a pair of special scissors. This was due to the 
fact that immediately surrounding the wick of the candle there 
is the unburnt vapour of the candle material, and this vapour 
cuts the wick off from contact with the atmospheric oxygen. 
Consequently, although the wick becomes chSirred by the heat 
of the flame, it is not consumed, because the oxygen of the air 
is not allowed access to it. The charred wick, therefore, con- 
tinues to increase in length and there is conducted up into the 
flame more of the liquid fuel than can properly be consumed. 
The flame then burns dim and emits a large amount of smoke. 

In 1825, it was shown by a Frenchman, Cambaceres, that the 
necessity for snuffing could be obviated by the use of twisted or 
flat-plaited wicks. As the candle burns, the end of the wick, 
as every one may see by looking at a burning candle, curls or 
bends outwards to the edge of the flame, and coming, in this 
way, into contact with the oxygen of the air, it burns away, and 
so no snufling is required. 

Liquid Fuels and Illuminants. — Coal, it is recorded, was 
mined and used as a fuel in England as early as the thirteenth 
century, but it was not till the nineteenth century that the great 
natural deposits of the liquid fuel petroleum, i occurring, more 
especially, in America and Russia, began to be exploited, for 
the production mainly of illuminants and lubricants ; and the 
exploitation of these resources inaugurated a new era in the 
production and utilisation of energy. 

The occurrence of a natural oil and of bitumen has been 
known from a very early period. The builders of the Tower 
1 From the Latin 'peira (rock) and olmw, (oil). 
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of Babel, we are informed, used “ slime ” or bitumen (foi-ined 
from petroleum by the loss of its more volatile constituents), as 
a mortar, and it is recorded in Genesis that the Vale of Siddim, 
where Lot pastured liis flocks, was “ full of slime pits.” The 
conclusions of the commentators, therefore, appear not un- 
reasonable when they attribute the destruction of Sodom and 
Gomorrah, which lay in this oil-bearing region, to a great con- 
flagration of natural gas and oil, set free from a subterranean 
reservoir by some great earthquake. Classical writers, also. 



(Courtesjj Southern Pacific Com/pany ) 
Oil wells near Summerland, California. 


from Herodotus to Pliny, record the presence of oil in various 
regions, and describe its use both as an embrocation and, to some 
extent, also as an illuminant. 

In America, the existence of small quantities of oil, seeping 
from the earth, had long been known in certain parts of the 
States of New York and Pennsylvania, and the oil had, by reason 
of its medicinal and curative properties, been used both internally 
and’ externally. It was not, however, till 1859 that Colonel E. L. 
Drake drilled the first oil-well at Titusville, Pennsylvania, for 
the purpose of winning the oil for use as an illuminant and 
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lubricant. Soon many other wells were sunk and the Penn- 
sylvania oil-held became, for a time, the leading oil-held of the 
world. During the present century, other great oil-fields have 
been developed in America, more especially in Oklahoma, Texas, 
California and Wyoming, where the clusters of drilling and 
pumping derricks, idsing from the desert or through the waters 
of the ocean, tell of the wealth concealed beneath the surface 
of the earth. 

The increasing demand for oil, for use as an illuniinant and 
lubricant, led also to the more active exploitation of the long- 
known oil resources of Baku, near the Caspian Sea, and of 
Galicia ; and during the present century, more especially, the 
great and rapidly increasing demand for oil, for use as a fuel, 
linked up as it is with the phenomenal development of the auto- 
mobile and aeroplane industry, with its deep and widespread 
effect on the social life of to-day, has stimulated an extraordinary 
activity in the search for and exploitation of new oil-fields in 
Mexico, Dutch East Indies, Burma, Persia and elsewhere. 

Of the origin of petroleum, little can be asserted with con- 
fidence, but it is generally considered that the oil has been formed 
by the gradual decomposition, under the age-long action of 
heat and pressure, of deposits of marine animal and vegetable 
matter. On the other hand, the opinion has been expressed that 
it has been formed by the action of heat and pressure on certain 
types of coal. Whatever its origin may be, however — and it 
may have had various origins — petroleum occurs in pools 
between layers of impervious rock, and is associated with a gas, 
the pressure of which is, in some cases, sufficient to force the oil 
up through the bore-pipe so as to form a mighty fountain. In 
former days, before suitable means of control had been devised, 
much oil was thereby lost. 

Composition of Petroleum. — Although the petroleum from 
different oil-fields may vary greatly in composition, it consists, 
essentially, in all cases, of a mixture of hydrocarbons, or com- 
pounds which contain carbon and hydrogen only. In the case 
of Eastern American petroleum, for example, the hydrocarbons 
belong, for the most part, to what is known as the methane series ; 
but in the petroleums from other regions, hydrocarbons of a 
very different kind may occur. 

Methane^ or marsh gas, is the lowest member of a long series 
of hydrocarbons, all of which have similar chemical properties 
and composition. The molecule of methane consists of one 
atom of carbon to which four atoms of hydrogen are united ; 
and since an atom of carbon is never found to combine with 
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more than four atoms of hydrogen, the carbon is said to be 
saturated. Methane is spoken of, therefore, as a saturated 
hydrocarbon. Diagraminatically, we can represent the molecule 
of methane thus : 

H 

I 

H— C— I-I 

I 

H 


Metliaiie is tlie inflammable gas which rises in bubbles when 
one stirs the mud of decaying vegetation at the bottom of a 
stagnant pool — hence the name marsh gas ; and it is also the 
gas which, produced during the formation of coal, escapes from 
the coal-beds during mining and which, mixing with the air of 
the mine, constitutes the explosive mixture, fire-damp)^ 
Methane, moreover, is the main constituent of the natural 
gas which escapes from the earth in various regions, as in 
Canada and America and in the region of Baku on the Caspian 
Sea, where the Holy Fire of the burning gas was for long a place 
of pilgrimage of the Persian Guebers or fire-worshippers. It is 
a gas which burns with only a slightly luminous flame ; and it 
was to it that the pale flickering light known as ignis f aims or 
wilho’-the-wisp was supposed to be due. 

The compound methane, it has been stated, is the lowest 
member of a series of similar compounds, which arise owing to 
the fact that the element carbon is remarkable among all the 
elements in its property of combining with other atoms of 
carbon, and of thereby forming chains of carbon atoms. 
In this way, a series of compounds is obtained which may be 
represented by the diagrams : 


H H 

I I 

H— C— C— H 

I I • 

H H 

O’sHg (ethane). 


H H H 

I I I 

H— C— C— C— H etc. 

H H i-I 

(jjropane). 


A large number of such compounds are known, all of them 
saturated hydrocarbons, and it will be observed that the com- 
position of each of them can be represented by the general 
formula The molecular composition of successive 


That is, fire gas or fire vapour. 
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lueiiibers, it be seen, differs by one carbon and two 

hydrogen atoms d 

T-lie first four members of the series, known as methane, 
ethane, propane and butane, are gases at the ordinary tempera- 
ture. The succeeding members are liquids, which become less 
and less volatile, and boil, therefore, at higher and higher 
temperatures, as the molecular weight of the hydrocarbon in- 
creases. When the number of carbon atoms in the molecule 
is greater than sixteen, the compounds are solid at the ordinary 
temperature. 

Owing to their chemical inertness, the hydrocarbons belonging 
to this series are spoken of as paraffiyisJ^ 

It may be mentioned that other series of hydrocarbons are 
known which contain a lower proportion of hydrogen, and are 
therefore said to be misaturated. Thus, if two hydrogen atoms 
are removed from each of the compounds of the methane series, 
hydrocarbons are obtained which can be represented bv the 
formulae : 



C=C< 




T-I 


CoHj (ethylene). 




W 


H H 

I I 

)C=C— C--H 

1 

H 

CsHe (propylene) 


etc. 


These compounds belong to another homologous series of hydro- 
carbons, represented by the general formula and spoken 

of generally as the olefines. Ethylene occurs in the gas ob- 
tained by distilling coal, and some of the higher members of the 
series occur in certain types of petroleum. It is used as an 
anaesthetic and is best prepared by heating alcohol with phos- 
phoric acid. The elements of water are thereby removed : 

CaHgOH -• H2O = C2H4 

Alcohol. Ethylene. 


During the Great War, ethylene was largely used in the manu- 
facture of what is known as mustard gas^ (€211401)28, a compound 
which is, however, not a gas but a liquid at the ordinary 
temperature. 

Whereas Eastern American petroleum consists mainly of 
hydrocarbons belonging to the paraffin (methane) series, from 
CH4 up to C3QHe2? Californian and Russian petroleums contain 


^ A series of similar compounds in which the molecular composition of suc- 
cessive members differs by CHg (one carbon atom and two hydrogen atoms), is 
known as an homologous series. 

2 From the Latin parum (little) and affimtas (affinity). 
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a large proportion of another series of hydrocarbons, represented 
by the formula C„H2„. These compounds, called naphthenes, 
contain less hydrogen than the hydrocarbons of the methane 
series ; and although they are represented by the same general 
formula as the olehnes, they differ from these in that the carbon 
atoms are not joined together in open chains but in closed rings, 
of five or six carbon atoms, as shown by the formula : 

H, 

r 

HoC/" \CH, 

^1 I 

These hydrocarbons are akin to the substance benzene, CjjHg, or 


H 


HC 

I 

HC 




^CH 

II , 

.CH 


but contain a higher proportion of laydrogen. 


H 


This compound, benzene, along with other similar hydrocarbons 
{e,g, toluene), is found in notable amounts in certain petroleums, 
such as those from Borneo, Persia and Burma. 

Crude ‘petroleum is generally a thick, yellow, brown or black 
liquid, >yhich shows a green fluorescence. It contains, in 
solution, considerable quantities of natural gas, consisting chiefly 
of methane but containing also ethane, propane and butane. 
This gas is separated from the oil at the well-head and is dis- 
tributed for domestic and industrial use as an illuminant and as 
a fuel. 

Fractional Distillation of Petroleum. — After separation 
of the natural gas, the petroleum is pumped through pipe-lines 
from the oil-field to the refinery, where it is subjected to fractional 
distillation^ in order to separate it into portions adapted for 
ditFerent purposes. When the crude petroleum is distilled, the 
lower and more volatile hydrocarbons pass over first ; and by 
collecting the liquid which distils over at different temperatures. 
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a series of “ fractions,^** as they are called^ is obtained. Thus, 
the liquid which distils over up to a temperature of about 70° C., 
is called petroleum ether and is largely used as a solvent and as 
a local anmsthetic owing to the cold produced by its evaporation. 
It consists mainly of pentane (C 5 H 12 ), but contains also a certain 
amount of hexane (CeH^ 4 ). The next fraction, distilling over 
between 70° and 120° C., is called gasoline or petrol, and is used 
as a motor spirit and also for illuminating purposes (petrol-air 
gas). It is a mixture of hexane (C 0 H 14 ), heptane (C^Hig) and 
octane (CgHis). At a higher temperatui'e, from 120° to 150° C., 
there distils over a fraction called petroleum benzine or benzo- 
line.i which is used as a dry cleaning agent and as a solvent. 

As the temperature of distillation rises, the hydrocarbons 
of higher boiling-point distil over. The fraction distilling 
between 150° and 300° C., constitutes burning oil, kerosene or 
paraffin oil ; that distilling between 250° and 340° C., constitutes 
solar oil or gas oil, and is used for enriching coal gas and also in 
Diesel engines. Between 340° and 500° C., oils of various grades 
distil over and are used as lubricating oils and for burning 
under boilers. From the highest fractions of all one obtains 
vaseline, and in some cases, solid paraffin, which is used for 
making candles, waterproofing paper, and other purposes. 0 n 
heating the residue to a high temperature, a pure form of coke 
is obtained. 

As a result of the distillation process. Mid-continent American 
petroleum, for example, yields about 4 per cent, of gas, 25 per 
cent, of naphthas (gasoline and benzohne), 15 per cent, of 
kerosene, 40 per cent, of gas oil, 12 per cent, of solid paraffin 
and lubricating oils and 4 per cent, of coke. The relative 
amounts of the different fractions, however, vary with the type 
of petroleum. Thus Borneo and Sumatra petroleum may yield 
as much as 40 per cent, of the volatile naphthas. 

Kerosene as an Illuminant. — Since paraffin oil, or kerosene, 
contains a relatively large amount of carbon,^ it burns with a 
smoky flame, owing to incomplete combustion, unless there is a 
liberal supply of air. When this oil is used as an illuminant, 
therefore, the flame is surrounded by a chimney whereby a 
draught of air is created, and oxygen is thus brought in larger 
amount to the flame : and in the case of lamps with a circular 
wick, ^ tube must also be provided through which air can pass 
to the inner surface of the flame. 

^ Not to be confused with the compound benzene, CeHg. 

2 The hydrocarbon CjsHag, for example, which boils at 216° 0., contains 84*7 
per cent, of carbon. 
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In the early days after the introduction of mineral oil as an 
illuminant, explosions and fires were not infrequent^ and these 
led to the introduction of special legislation to regulate the use 
of such oil. The accidents which occurred were due mainly 
to the insufficient removal of the more volatile constituents of 
the petroleum, and these, mixing with the air in the oil reservoir 
of the lamp, formed an explosive mixture Avhich became ignited 
by the flame. To obviate such risks, it has been enacted that 
only such oil shall be used as does not give off an inflammable 
vapour below a certain temperature. This is tested by heating 
the oil in a special apparatus under specified conditions, and 
determining the temperature at which, on passing a light over 
the mouth of the vessel containing the oil, a flash of flame is 
seen. This is known as the flash-point of the oil, and in Great 
Britain it has been enacted that the flash-point of burning oil 
must not be below 7eS° F., when determined by what is known 
as the closed test. 

Oil Fuel. — Until well into the twentieth century, petroleum 
was of importance chiefly as furnishing illuminants and lubricants. 
During recent years, however, owing more especially to the 
rapid increase in the number of motor cars, the chief value of 
petroleum depends on its being a source of fuel supply. Not 
only does gasoline or petrol constitute a fuel for which the 
demand threatens to exceed the supply, but the higher boiling 
portions of petroleum, which distil over after the kerosene, form 
a fuel which can be burned under boilers and used for raising 
steam. Since 1 lb. of fuel oil has a calorific value of about 
19,500 B.T.U.— about one and a quarter times greater than that 
of anthracite — and since oil possesses many advantages over 
coal in the matter of cleanliness, control of consumption, stowage 
room, etc., its use as a fuel, especially for ocean steamers, has 
greatly increased. 

Gasoline as a Fuel. —It is, however, in the use of gasoline 
or petrol as a fuel for the internal combustion, motor car and 
aeroplane engine that the greatest developments have taken 
place. As a result of this development, the 25 per cent, or so 
of naphtha yielded by the fractional distillation of crude 
petroleum was quite insufficient to meet the demand. Some 
means of increasing the supply, therefore, became necessary, 
and, in recent years, this supply has been greatly increased by 
the process of cracking i the relatively unimportant gas oil 
which forms in some cases a large proportion of the distillation 

^ Tke term “ cracking ” was suggested by the noise which is made by oil which 
has inadvertently been allowed to remain in an overheated still. 
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product of crude petroleum. When this oil is heated under 
pressure to a sufficiently high temperature (380""' C. or more), the 
relatively large molecules, say, C 20 H 42 , are broken down into the 
simpler molecules of the hydrocarbons which constitute gasoline. 
Considerable quantities even of kerosene, for which, owing to 
the increasing use of gas and electric lighting, the demand has 
diminished, are similarly cracked, in order to meet the ever- 
increasing demand for motor fuel. In the motor fuel obtained 
by cracking ’’’ there are present, not only olefines but also a 
certain amount of the so-called aromatic hydrocarbons (benzene, 
toluene, etc.), and these are of value because they help to pre- 
vent the unpleasant phenomenon of knocking.*’’ 

When petrol or gasoline is used for the production of power 
in an internal combustion engine, it is the potential energy of 
the mixture of petrol vapour and air that is converted into the 
energy of motion. When the combustible mixture is compressed 
by the piston, at the expense of the energy stored in the fly- 
wheel, a spark, produced at the sparking-plug, ignites the mixture, 
which then burns rapidly, but not explosively. Not only do the 
products of combustion occupy a greater volume than the 
combustible vapour and air, but the higher temperature produced 
by the combustion causes a still greater expansion of volume. 
A high pressure is thereby exerted on the piston, the pressure 
on the piston having the character of a continuous push and not 
that of a blow. The mechanical energy which is thereby pro- 
duced will of course depend on the temperature, and this, in 
tuim, depends on the heat of combustion of the petrol. Since 
this is very high — about 18,700 B.T.U. per lb. or about 135,000 
B.T.U. per Imperial gallon — ^petrol or gasoline is a valuable fuel. 

The efficiency with which the heat energy of combustion 
is converted into mechanical work, increases with the degree to 
which the combustible gases are. compressed. For a particular 
fuel, however, there is a degree of compression which cannot be 
exceeded without the unpleasant and harmful pinking ” or 
knocking ” taking place. This knocking is due to the fact 
that the wave of combustion passes after a certain time into a 
much more rapid wave of explosion, and the continuous push 
of the expanding gasei^ on the piston passes into a sudden blow, 
which produces great stresses on the moving parts. In the case 
of the saturated hydrocarbons, belonging to the methane series, 
detonation takes place with comparatively low compression, 
but the addition of naphthenes, and still more of benzene, permits 
a higher compression to be used without knocking. 

The increase of efficiency of an internal combustion engine 
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with compression is so great that it may compensate for a 
considerable diminution of the calorific value of the fuel. Alcohol 
(sphits of wine), which has the formula CoHgOH, has a calorific 
value of only 10,350 B.T.U. per lb. or 84,900 B.T.U. per gallon, 
but it will stand a much higher compression than petrol. One 
can, therefore, obtain wfith alcohol a thexTiial efliciency of 
30 per cent., whereas with petrol a thermal efficiency of only 
15—20 per cent, is obtained. 

Production of Liquid Fuel from Shale and Coal. — The 

natural reserves of oil are not inexhaustible, and it has even 
been predicted by experts that the petroleum reserves of America 
— the country of greatest oil production — will be exhausted by 
1935. Even though this forecast should prove too pessimistic, 
the world must face the ultimate and perhaps not very distant 
exhaustion of the natural deposits of oil, and the question, 
therefore, presents itself whether any substitute can be obtained. 
Fortunately, rays of hope issue from various quarters. 

In Scotland, ever since 1860 or thereby, mineral oil has been 
obtained by heating a carbonaceous shale, called oil shale. 
Although containing no oil as such, a ton of this shale may yield, 
when distilled, about 30 gallons of oil, from which, by fractiona- 
tion, motor spirit, burning oil, fuel oil, lubricating oil and solid 
paraffin can be obtained. Since deposits of oil shale, some- 
times enormous in extent,^^ occur in many different countries, 
it wall be possible to obtain abundant supplies of oil fuel — at a 
greater cost, it may be, than at present — when the oil wells shall 
have ceased to flow. 

From coal, also, fuel oil may be obtained, and is, in fact, 
being obtained by various processes. By the low temperature 
carbonisation of bituminous coal (p. 197), a tar is produced from 
which one can obtain, by fractional distillation, motor spirit, 
fuel and lubricating oils, similar to those obtained from petroleum ; 
whereas, by high temperature carbonisation of coal, a tar is 
produced from which benzene, and a number of other substances 
of value in chemical industry, are obtained. Although not 
used as motor spirit by itself, benzene is used for mixing with 
petrol. 

An oil, somewhat like natural petroleum, can, as the German 
chemist F. Beegitjs, and others, have shown, be obtained by 
suitably heating coal with hydrogen gas under pressure. Large 
quantities of oil are, in fact, being produced in Germany at the 
present day by this process of berginisation, 

^ Such deposits, amounting to untold millions of tons, are known, for example, 
in the States of Indiana, Colorado and Utah in America. 
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By these and other methods, chemists are preparing to meet 
the change in conditions which will arise when the natural 
deposits of petroleum are exhausted. 

Gaseous Fuels and Illuminants. — Petroleum, as we have 
seen, is always associated with a natural gas,*’*’ consisting mainly 
of the hydrocarbon, methane, although other gaseous" hydro- 
carbons are also present in varying amount. In various regions, 
especially in the United States and Canada, ^ great reservoirs of 
natural gas ^ are sometimes found, unassociated with oil, and this 
gas has been used for many years, at Pittsburgh, for example, 
not only for illuminating purposes but also, and mainly, as an 
industrial fuel in iron and steel manufacture, for the melting 
of glass and in other industrial operations. As a fuel, natural 
gas, which, it is stated, was used even in ancient times by tlie 
Chinese, is of great importance on account of its high calorif^. 
value. This amounts to over 1000 B.T.IJ. per cubic foot, or 
twice as much as that of the gas obtained by the high tempera- 
ture distillation of coal. 

Sometimes the pressure under which the natural gas occurs 
is very high, even reaching a value of more than 30 atmospheres ; 
and the amount contained in the subterranean gas-holders is 
inconceivably large. In the case of one gas well in Kansas where 
the gas was ignited by lightning, the pressure of the gas was 
such that a great torch of flame 225 feet in height was produced, 
the heat of which was so great that even in the February climate 
of Kansas, it is stated, the neighbouring trees began to break into 
leaf. Although the fire continued for thirty- five days, consuming, 
it was estimated, over two million million cubic feet of gas, the 
pressure of the gas in the field was not reduced. 

By far the most important gases, however, used at the 
present day for the production of heat and light, are those which 
are obtained, by one process or another, from coal, and more 
especially the gas which is obtained by heating coal in closed 
vessels or retorts,’’ out of contact with the air. 

Although coal had been used as a fuel as early as the beginning 
of the fourteenth century, it was not till 1680 that the distil- 
lation of coal in closed vessels was carried out by the alchemist, 
Johann Joachim Becher, whose views concerning the presence 
of a terra pinguis in combustible bodies led Stahl to the formu- 
lation of the Phlogiston theory. Becher’s purpose in carrying 


^ One notable gas well was also found at Foma, Queensland, Australia, wbicb. 
yielded gas at the rate of a million cubic feet a day. 

^ This natural gas sometimes contains as much as 3-4 per cent, of helium. In 
Colorado, a content of 7 per cent, has been found. 
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out the distillation of coal was the production of pitch and tar 
for the treatment of wood and of rope, and the production of 
colce for domestic heating and the smelting of metals. 

A few years later, about 1688, the Rev. John Clayton, D.D., 
a Yorkshire clergyman who later became Dean of Kildare, 
after investigating the escape of an inflammable gas from a coal- 
seam, made the following communication to the Hon. Robert 
Boyle : 1 I then got some Coal from one of the Pits nearest 
thereunto, which I distilled in a Retort in an open Fire. At 
first there came over only Phlegm^ afterwards a black Oil^ and 
then likewise a Spirit^ which I could noways condense, but it 
forced my Lute, or broke my Glasses. Once, when it had forced 
the Lute, coming close thereto, in order to try to repair it, I 
observed that the Sphit which issued out caught Fire at the 
Flame of the Candle, and continued burning with Violence as 
it issued out. ... I then filled a good many Bladders there* 
with. . . . And when I had a Mind to divert Strangers or 
Friends, I have frequently taken one of these Bladders, and 
pricking a Hole therein with a Pin, and compressing gently the 
Bladder near the Flame of a Candle till it once took Fire, it 
would then continue flaming till all the Spirit was compressed 
out of the Bladder ; which was the more surprising, because no 
one could discern any Difference in the Appearance between 
these Bladders and those which are filled with common 
Air.'’'* 

Although the formation of a combustible gas by the distil- 
lation of coal was thus known before the end of the seventeenth 
century, it was not till a hundred years later that the process 
was developed for the production of an illuminating gas for 
general use. The credit for this development belongs to William 
Murdoch (1754-1839), who was born at Lugar in Ayrshire, and 
becanie^ssociated with the engineering firm of Messrs Boulton 
and Watt, Birmingham. In 1792, he lighted his house at Red- 
ruth, in Cornwall, with coal gas ; and it was at the works of 
Boijlton and Watt at Soho, Birmingham, that coal gas was first 
used (in 1798) on a large scale as an illuminant. It was, how- 
ever, only after the lapse of ten to fifteen years that the gas 
began to be publicly and generally used. In 1810, a German, 
Winzer, who on his arrival in England changed his name to 
Winsor, founded the Gas, Light and Coke Company ; in 1813, 
Westminster Bridge, and, in 1816, the greater part of London, 
were lighted by gas. The introduction of gas lighting met with 
much opposition, as one can understand, on the part of the tallow 
^ Phil. Trans. Boy Soc., 1739, 41, 59. 
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chandlers and sellers of whale oil — at that time used as an 
illuminant ; but after a time the new method of lighting was 
welcomed. The great change which was thereby effected in the 
appearance of the towns and in the' comfort of the people, is 
described by a writer in the early nineteenth century : We 

all remember the dismal appearance of our most public streets 
previous to the year 1810 ; before that time, the light afforded 
by the street lamps hardly enabled the passenger to distinguish 



Introduction of GAS 1 1 or Throwing a NEW LIGHT on the Subject. 

(After a Print by G. Cruikshank, 1815.) 

“ A street scene with, the road broken up to lay down gas pil^es. On a barrow 
belonging to the Gas Company, its projector Winzer is standing and holding forth 
on the merits of gas and its capabilities to a party of bystanders who deride him. 
The shops are closed through the impassable state of the thoroughfare .” — British 
Museum Catalogue. 

a watchman from a thief, or the pavement from the gutter. 
The case is now different, for the gas-lamps afford a light little 
inferior to daylight and the streets are consequently divested 
of many terrors and disagreeables, formerly borne with because 
they were inevitable.’"' 

In the manufacture of illuminating gas, the coal is heated 
in large fire-clay retorts at a temperature of 1000°-*-1100° C., and 
the products of decomposition are led away by a pipe the mouth 
of which dips under the surface of water contained in what is 
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known as the hydraulic main (Fig. 43). Here, part of the water 
and of the coal tar condenses, while the gaseous products pass 



away to a series of cooling pipes, exposed to the air, in which a 
further condensation of water vapour and of tar takes place. 
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The ammonia present in the gas dissolves for the most part in 
the water producedj and the remainder is removed by passing 
the gas through scrubbers.’’ The gas still contains a number 
of substances the presence of which would be deleterious, the 
most important of these being sulphuretted hydrogen, H2S, 
and carbon dioxide. The sulphuretted hydrogen is harmful 
because it gives rise, in the burning gas, to sulphur dioxide ^ 
(the pungent gas formed when sulphur burns in air), which 
exercises a destructive action on plants, furniture, etc. ; and the 
presence of carbon dioxide is objectionable because it lowers the 
heating and illuminating power of the gas. To free the gas from 
these impurities, therefore, it is passed, first of all, through a series 
of boxes containing trays covered with slaked lime which com- 
bines with and so removes the carbon dioxide ; and then through 
another series of boxes containing oxide of iron, Fe203, which 
removes the sulphuretted hydrogen, by forming with it the 
compound, sulphide of iron, Fe2S3. When conversion of the 
oxide into sulphide is complete, the material is incapable of 
removing any more sulphuretted hydrogen, but it can be 
revivified by exposure to the air. Through this exposure, the 
oxygen of the air reconverts the sulphide of iron into oxide of 
iron, and the sulphur is set free. In this way the oxide of iron 
may be used repeatedly, until at length the accumulation of 
sulphur renders it inefficient. The material, however, still has 
its uses, for it is sold to the manufacturer of sulphuric acid, who 
utilises it in a manner which we shall learn later. 

After undergoing the various processes of purification, the 
gas passes to the gas-holder, and is then ready for distribution 
to the consumers. Although the composition of the gas supplied 
by different works is by no means the same nor invariable even 
in the case of the same works, the following numbers may be 
taken as representing an average composition of coal gas : 


Composition of Coal Gas. 

Hydrogen 

Methane 

Unsaturated hydrocarbons (ethylene, etc.). 

Carbon monoxide 

Carbon dioxide , . . . 

Nitrogen .... . . ..... 

Oxygen 


49 per cent, by volume, 
35 „ „ 

4 j» 

5 

0-6 „ • „ 

6 

0-5 „ 


Coal gas, then, it will be seen, is a mixture of a number of 
gases, and of these carbon dioxide, nitrogen, and oxygen repre- 
sent what we may call impurities ; they act merely as diluents 
and lower the illuminating power of the gas. 

^ As shown by the equation : 2H2S-l-302=2H20-h2S02. 
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Of the combustible g«uses present in coni gas, hydrogen burns 
with a non-luminous, scai'cely visible flame ; carbon monoxide, 
with a non-luminous flame of a bright blue colour ; and methane, 
with a flame which has only a slight illuminating power. Ethylene, 
however, burns with a strongly luminous flame, and it is to this 
gas, and to the other unsaturated hydrocarbons present in 
small amounts, that the luminosity of a coal-gas flame is mainly 
due. Among the unsaturated hydrocarbons present, there may 
be mentioned acetylene (p. 218 ) and benzene (or benzole, to give 
it the name by which it is known in commerce), the vapour of 
which burns with a luminous flame and with the production of 
a large amount of soot. 

What, then, is the explanation of the luminosity of the flame 
of burning coal gas, or of a candle, or of petroleum ? The answer 
is that which was given long ago by Sir Humphry Davy : The 
luminosity depends on the decomposition of the hydrocarbons 
with liberation of particles of carbon which are then raised to 
incandescence by the heat of the burning gases. The presence 
of this finely divided carbon can, indeed, be readily shown by 
bringing a cold object into the luminous part of the flame ; it 
becomes coated with soot. These carbon particles, however, 
do not escape into the air, but on reaching the edge of the flame 
where they come into contact with the oxygen of the ah’, they are 
completely burned to the invisible gas carbon dioxide. And so, 
on examination, one sees in these flames three zones : an inner 
non-luminous zone of unburnt gas or vapour ; a luminous zone 
in which the carbon particles are raised to incandescence ; and 
a very faint outer zone surrounding the flame, in which complete 
combustion of the carbon particles takes place. 

From the explanation which has just been given, it will 
readily be understood that the luminosity of a flame will be 
increased by increasing the proportion of carbon-yielding sub- 
stances in the burning gas ; and hydrocarbons, and more 
especially unsaturated hydrocarbons, which contain a relatively 
large proportion of carbon, will be the most effective substances 
to use. By such additions it is possible to enrich a poorly 
luminous gas, a fact which is made use of at the present day 
in many of the larger gas-works. 

Not only can a combustible gas be manufactured by the dis- 
tillation of coal, but when steam is passed over red-hot coke, 
a gas is obtained which is a mixture of hydrogen and carbon 
monoxide : 

C + H^O = CO + H2 

Carbon (coke). Water. Carbon monoxide. Hydrogen. 
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Altliougli this gas mixture, known as water gas, has no 
illuminating power, it can be haanufactured at a small cost, and 
after being enricbed by the addition of gas oil (p. 205), or of 
unsaturated hydrocarbons, obtained by the decomposition or 
cracking of oil at a high temperature, it is added (as car- 
bur etted water gas) to the gas obtained by the distillation of 
coal.i 

Formerly, when coal gas was used almost entirely as an 
illuminant, gas-producing companies had to supply gas of a 
certain minimum illuminating power ; but at the present time 
coal gas is mainly employed as a domestic and industrial fuel 
for the production of heat. The illuminating power standard 
has therefore been abandoned in Great Britain, and gas-pro- 
ducing companies may supply gas of varying quality, but the 
charge to the consumer may be made only on the basis of the 
heat value of the gas. Greater freedom is in this way given to 
the producer, and the consumer pays for the amount of heat 
energy or the number of therms he receives, 1 therm being equal 
to 100,000 B.T.U. 

Coal gas, produced by high temperature carbonisation, has a 
calorific value of about 480—520 B.T.U. per cubic foot ; while 
that produced by low-temperature carbonisation has a value of 
800-1000 B.T.U. per cubic foot. The calorific value of water 
gas which is largely used as an industrial fuel, is about 280 B.T.U. 
per cubic foot. 

When coal gas is used as a fuel for heating purposes, it is 
important that combustion take place rapidly and completely 
without the separation of carbon particles, and this result is 
secured if the gas, before being burned, is mixed with a suitable 
amount of air. The molecules of the combustible gas then find 
oxygen with which they can combine, ready at hand, so to say. 
In such a case the flame is non-luminous and smaller, but 
much hotter, than the ordinary luminous flame. This principle 
was made use of by the German chemist Bunsen in the burner 
which goes by his name, and is applied in gas fires, gas cookers, 
etc. (Figs. 44 and 45). In the Bunsen burner, the gas issues 
from a jet which is surrounded by a wider tube, near the foot 
of which holes are pierced ; and through these air is drawn into 
the burner by the uprush of gas. The gas thereby becomes 
mixed with air, the amount of which necessary to ensure complete 
combustion can be regulated by enlarging or diminishing the 

^ Owing to the large amount of the very poisonous carbon monoxide present 
in water gas, great precautions against leakage should be taken when this gas is 
used for domestic purposes. 
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size of the air openings. If too much air is admitted to the gas, 
the mixture becomes explosive, and the flame strikes back to 

the jet where the gas enters the 



burner. If this occurs, the gas 
must be at once turned out, as 
.incomplete combustion takes place 
and products of a very poisonous 
character are formed. These, fortu- 
nately, betray their presence by a 
powerful and unpleasant odour. 

If the luminous coal-gas flame is 
supplied with oxygen instead of air, 
a still better result, that is, a higher 
temperature, can be obtained ; for 
the nitrogen of the air acts merely 


Fig. 44. — Bunsen burner. 

A, air-bole by which air can 
pass into the tube and mix with 
the gas which enters at the small 
j et seen through the openmg. The 
supply of air can be regulated by Fig. 
means of the movable ring, H. 



45. — Gas cooker, constructed on the 
prmciple of the Bunsen burner. 


as a diluent and so cools down the flame. One cannot, how- 
ever, in this case make use of the ordinary burner, for the 
mixture of oxj^gen and coal gas would be explosive, and the 

flame would at once strike 
back.'’’* A burner of special 
construction is therefore 
employed which allows of 
a jet of oxygen being blown 
into the gas as it burns at 
the mouth of the burner. 
There is thus obtained What 
is known as the oxy-coal- 
gas blowpipe flame (Fig. 
46). If this flame is 
allowed to impinge on a 
I^G. 4C.— Blowpipe. highly refractory material 

WBen the gas is burning at the mouth of like quicklime, the latter 
the wider tube, air or oxygen is blown into the is raised to a brilliant in- 
flame through the inner tube. -• j • 

* candescence, producing the 

well-known lime-light. (Nowadays, the oxide of the rare metal 
zirconium is largely used in place of lime.) 
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For a number of years the position of coal gas as an illiiminant 
has been persistently assailed by electricity ; and it is certain 
that it could not have maintained itself, even as it has, but for 
the invention of the familiar incandescent mantle. This in- 
vention, it is important to bear in mind, we owe to a purely 
scientific investigation of the oxides of the rare metals, which 
was carried out by Auer von Welsbach in the laboratory of 
Bunsen in the University of Heidelberg in 1884. 

In the course of his investigations, von Welsbach was struck 
by the fact that some of the oxides of the rare metals emitted 
an exceptionally brilliant light when incandescent ; and at 
once his mind grasped the potentialities of the fact. A scientific 
discovery, however, is one thing ; to make that discovery of 
practical utility is quite another ; and in the present case, as 
in all cases, a large amount of patient and careful investigation 
had to be cai*ried out before the incandescent mantle could be 
made a commercial success and be brought to its present state 
of perfection. 

To make the discovery of practical utility, mantles or 
stockings ’’ of woven cotton, artificial silk, or ramie fibre 
(fibre produced from a plant of the nettle class), are soaked in a 
solution containing the nitrates of thorium and cerium i in the 
proper proportions. These mantles are then dried and in- 
cinerated, whereby the fibre is burned away and the nitrates are 
converted into a mixture of the oxides of the metals, which 
form a skeleton work preserving the shape of the mantle. On 
suspending this in the hot, non-luminous flame of a special 
burner constructed on the principle of the Bunsen burner, the 
mantle is raised to incandescence and emits a brilliant white light, 
many times greater than that given by the old flat flame con- 
suming the same amount of gas. From a careful investigation 
it was found that the best results are obtained when the oxides 
are present in the proportion of 99 per cent, of thoria (thorium 
oxide) to 1 per cent, of ceria (cerium oxide). Neither thoria 
itself nor ceria itself has much light-giving power ; and any 
variation in the proportions of the two oxides from those given, 
is accompanied by a diminution in the light-giving power of the 
mantle. 

The most plausible explanation which has so far been 
advanced of the efifect produced by the ceria, is that the particles 
of ceria are embedded in a badly conducting mass of thoria, which 

^ The chief source of these elements is a mineral known as monazite, which 
is found in various parts of the world, but more especially in Brazil and at Travan- 
coro, India. 
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allows of the ceria being heated up to a point of brilliant in- 
candescence ; and further, the ceria possesses the property of 
accelerating the combustion of the gas, so that the combustion 
is concentrated or focussed on the small particles of ceria. As a 
consequence, the temperature of these particles rises above 
the average temperature of the mantle, and the brightness of 
the incandescence is thereby increased. This action of the ceria 
is spoken of as a catalytic action, about which we shall have more 
to say later. Ceria, however, is a substance which radiates 
heat rapidly, and if present in the mantle in larger amounts, the 
loss of heat by radiation is so great that the catalytic action is 
more than counterbalanced, and the illuminating power of the 
mantle is diminished. 

Incandescent mantles are employed not only with coal gas 
but also with a combustible mixture of petrol and air ; and 
petrol-air gas is now largely installed in houses in country dis- 
tricts remote from centres of coal-gas manufacture. 

One other illuminant, the use of which depends on the process 
of combustion in air, must be mentioned, namely, acetylene, a 
gas which is readily obtained by the action of water on a com- 
pound of calcium and carbon, known as calcium carbide : 

CaCs -f 2H3O = Ca(OH )2 + C2H2 

Calcium carbide. Water. Calcium hydroxide. Acetylene. 

Calcium carbide is obtained by heating to a high temperature a 
mixture of quicklime (calcium oxide) and carbon in the form of 
anthracite coal or coke, and is formed in accordance with the 
equation : 

CaO + 3C = CaC 2 + CO 

Calcium oxide. Carbon. Calcium carbide. Carbon monoxide. 

The preparation is carried Out in a special type of furnace in 
which the high temperature necessary is obtained by means of 
the electric arc,i and owing to its use for the production of 
acetylene and for other purposes, carbide is now manufactured 
in large quantities in most civilised countries. 

Acetylene is an unsaturated hydrocarbon, having a relatively 
large proportion (over 92 per cent.) of carbon, as is shown by 
its formula C 2 H 2 or CH=CH. Under ordinary conditions the 
gas bums with a luminous and very smoky flame, but by using a 
special burner which ensures the admixture with the gas of a 
small amount of air, a white intensely luminous flame is obtained. 

Acetylene is an endothermic compound, that is, it is formed 

^ A temperature estimated at about 3000° C. can in this way be obtained. 
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•from its elements with absorption of heat. When acetylene 
decomposes, therefore, heat is libei-ated : 

C2H2 = 2C + H3 + 58,100 cal. 

Consequently, when acetylene burns in air or in oxygen, the heat 
of decomposition is added to the heat of combustion of the 
carbon and hydrogen present, and a very large amount of heat 
is therefore evolved. Thus : 

2C2H2 + 50 2 = 4CO2 + 2H2O + 2x312,000 cal. 

By injecting oxygen into a flame of acetylene, therefore, a 
very high temperature, about 3480° C., can be obtained, and this 



{Courtesy British Oxygen Co., Ltd ) 
Cutting steel by oxy-acetylene flame. 


fact lias received important applications. If, for example, tlie 
oxy-acetylene flame is allowed to impinge on a piece of iron, tlie 
metal is heated locally to bright redness, and if a fine jet of 
oxygen is then directed against the red-hot metal, the iron is 
oxidised to oxide of iron which melts in the intensely hot blow- 
pipe flame, and flows away like water. By this means one can 
even cut through large steel rods, shafts, plates or girders as 
easily as a knife will cut through cheese, and with a cut almost 
as fine. 


CHAPTER XIV 

HYDROGEN, WATER AND HYDROGEN PEROXIDE 

Hydrogen 

Hydrogen, so far as is known, was first prepared in the sixteenth 
century by Paracelsus, who noticed that when sulphuric acid 
was poured on iron, bubbles of a gas arose which burst forth 
like the wind."*’ At that time, the only gas recognised was atmo- 
spheric air, and Paracelsus assumed that the gas given off in 
his experiment was air. Towards the end of the seventeenth 
century, Boyle collected a quantity of the gas in a bottle and 
showed that it differed from ordinary air in being inflammable. 
It is, however, to the great scientific i-ecluse, Cavendish, that we 
owe the first systematic investigation (in 1766) of inflammable 
air,’’’ as he called it, and the discovery, in 1781, of the fact that 
when this gas burns in air or in oxygen, water is produced. This 
fact showed that, according to the explanation of combustion 
given by Lavoisier, water is a compound of inflammable air ’’’ 
and oxygen ; and it led Lavoisier to give to the inflammable 
air ” its present name of }iydroge7iI 

Although it is present in the flaming gases of the sunk’s 
chromosphere and in the gases emitted by volcanoes, and is 
produced also by the putrefactive decomposition of animal 
and vegetable matter, hydrogen is too light a gas to be retained 
in the atmosphere of the earth. It occurs, therefore, on the 
earth, almost entirely in a state of combination. Of the com- 
pounds of hydrogen, water is, of course, the most important, 
the most abundant. 

Preparation of Hydrogen. — On a small scale, this gaseous 
element may be prepared by the method used by Boyle and by 
Cavendish, that is, by the action of zinc or of iron on dilute 
sulphuric acid or dilute hydrochloric acid, the preparation 
being conveniently carried out in what is known as Kipp’s 
apparatus (Pig. 47). As the gas is only slightly soluble, it may 
be collected in tjie pneumatic trough over water. When zinc 

From the Greek vScop (hydor), water; and yewaco (gennaS), I produce. 
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and sulphuric acid are used the reaction is represented by the 
equation : 


Zn 

Zinc. 


+ H2SO4 = 
Sulphuric acid. 


= ZnS 04 + Ho 

Zinc sulphate. Hydrogen, 

For the large-scale production of hydrogen, of which enormous 
quantities are now consumed in various industries, this process 
is far too costly, and the gas is 
therefore obtained, by one means or 
another, from water. Various metals, 
such as sodium, potassium and cal- 
cium, decompose water vigorously 
even at the ordinary temperature ; 1 
but they also are too costly to be 
used industrially. It has, however, 
long been known that, at a red heat, 
iron decomposes steam with pro- 
duction of hydrogen ; ” and this pro- 
cess is one which is sometimes made 
use of for the industrial production 
of hydrogen. Similarly, carbon (coke) 
at a high temperature, as we have 
already seen (p. 214), decomposes 
water vapour, but as the oxide of 
carbon is gaseous, a mixture of car- 
bon monoxide and hydrogen (water 
gas) is obtained. If this mixture is 
compressed and cooled by means of 
liquid air, the carbon monoxide and 
the other gases (air, etc.) which may 
be present as impurities, are liquefied, 
whereas the hydrogen, which is much 
less readily condensable, remains as a gas. Since by another 
process, also, to which reference will be made later (Chap. XX), 
hydrogen can be obtained in a pure state from water gas, this 
mixture is, on account of its comparative cheapness, most ex- 
tensively employed as a source of hydrogen in industry. 



Pig. 47. — Kipp’s apparatus. 

Zinc plates are placed in the 
compartment, B, and dilute sul- 
phuric acid lb poured m through 
the fumiel, P. The acid fills C 
and rises into B, where it comes 
into contact with the zinc. The 
hydrogen which is evolved passes 
out througn the tube, T. On 
closing the tap on the tube, T, 
the acid is forced out of B by 
the pressure of the hydrogen, and 
the evolution of gas ceases. 


^ According to the equations : 

2 Na + 2H2O = 2 NaOH -f H. 

Ca + 2H2O = Ca(0H)2 + Hg 

The alloy of lead and sodium known as hydrone, is more convenient to handle than 
sodium itself, and may be used in place of this metal, 

^ According to the equation: 3Pe-l-4H20=Pe304-}”4H2- The oxide of iron 
which is formed in this process is the so-called magnetic oxide and is different from 
rust, which is an oxide of the composition PegOg. 
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In places where electric power can be obtained sufficiently 
cheaply, the simplest process for the production of hydrogen is 
by the electrolysis of water. Although this process will be 
discussed more fully at a later point (Chap. XVII), it may here 
be said that when an electric current is passed through water, 
to which, say, sulphuric acid or caustic soda has been added, 
decomposition of the water takes place, and hydrogen is evolved 
at one of the metallic wires or plates (electrodes^ which lead the 
current into the water. At the other electrode, oxygen is 

evolved. The process can be demon- 
strated, on a small scale, by means 
of the apparatus shown in Fig. 48. 
The volume of hydrogen, it is found, 
is twice the volume of oxygen. 

Properties of Hydrogen. — Al- 
though hydrogen is a colourless 
and odourless gas, and is, therefoi'e, 
indistinguishable from the air, so 
far as our senses are concerned, it 
differs markedly from the air in 
being a combustible gas. When a 
light is applied to a jar of hydrogen 
or to a jet of the gas, the hydrogen 
burns with a non-luminous flame ; 
and if a cold object, such as a 
beaker of water, is held above the 
flame, water condenses on the cold 
surface. When hydrogen and 
oxygen are mixed together and a 
light is applied to the mixture, 
combination takes place with ex- 
plosive violence, and for this reason 
great care has to be exercised when 
one is handling this gas. This ex- 
plosive combination of hydrogen 
and oxygen can be demonstrated without danger by passing a 
mixture of the two gases through a tube into a quantity of soap 
solution contained in a mortar. A mass of bubbles is thereby 
formed, and on touching these with a lighted taper, combination 
of the gases takes place wnth a loud noise. 

Hydrogen can' combine not only with elementary oxygen but 
also with the oxygen present in compounds. Thus, when it is 
passed over a metallic oxide heated to a moderately Iflgh tem- 
perature, it combines with the oxygen and the oxide is con- 



PiG. 48. — Electrolytic decom]:)o.si- 
tion of water. 
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verted to metal. When red lead, Pb 304 , for example, is heated 
in a current of hydrogen, lead and water are formed, thus : 

Pb304 + 4 H 2 = 3Pb + 4 H 2 O 

Red Lead. Hydrogen. Lead. Water. 

I-Iydrogen, therefore, removes the oxygen from the oxide of lead, 
and this process, which is clearly the reverse of the process of 
oxidation, is called reduction. Hydrogen is said to be a reducing 
agent; and since the reducing agent is itself oxidised in the 
process, it is clear that the processes of oxidation and reduction 
are complementary. It is of historical interest to note that 
phlogistonists identified hydrogen with phlogiston. Thus, 
Priestley, who in 1783 first observed the reduction of red lead 
by hydrogen, drew the conclusion that since the hydrogen con- 
verted the calx (oxide) into a metal, it could be no other than 
that to which chemists had unanimously given the name phlo- 
giston. Consequently, phlogiston is the same thing as in- 
flammable air.**’ 

Hydrogen is a very light gas — ^it is 14-4 times lighter than an 
equal volume of air — and is therefore widely employed for the 
purpose of filling balloons and dirigible air-ships. A rough 
calculation will give an idea of the lifting power of hydrogen. 
Since one million cubic feet of hydrogen (at N.T.P.) weigh nearly 
2*5 tons, the weight of an equal volume of air will be about 
36 tons. A million cubic feet of hydrogen, therefore, will have 
a lifting power of about 36 — 2-5=33*5 tons. 

Hydrogen has the property of dissolving in or of being 
occluded by certain metals, more especially by the metal palladium, 
which, even at the ordinary temperature, can occlude 600 times 
its volume of the gas. The hydrogen is expelled on heating the 
metal to redness. 

It has already been pointed out (p. 182) that when hydrogen 
burns in air or oxygen, a large amount of heat is evolved. The 
oxy-hydrogen blowpipe flame (see Fig. 46, p. 216) is, therefore, 
like the oxy-acetylene flame, made use of for the purpose of pro- 
ducing a high temperature — a temperature reaching, under 
suitable conditions, 2600'' C. — and finds application for the 
melting of platinum and other refractory metals and for the 
production of the so-called lime-light ” (p. 216). 

Water 

Water, one of the most abundant and widely distributed 
substances in nature, is, of course, familiar to all. Not only 
does it form the great oceans and lakes and rivers, and the 
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enormous ice masses of the Polar areas, but, in the lorm ot vapour, 
it is everywhere around us in the air* Moisture permeates even 
the solid mass of the earth, and the Greek philosopher, Thales, 
as we may remember, impressed by the all-pervasiveness of 
water, regarded it as the universal principle underlying all 
forms of matter. 

In water we have a liquid unique in its properties and indis- 
pensable to animal and vegetable life. In this liquid all living 
tissues are bathed, and it is in an aqueous milieu that all life 
processes occur. The high specific heat and latent heat of 
vaporisation of water form powerful safeguards against a too 
rapid or too excessive change in body temperature, and so 
secure an efficient temperature regulation (p. 118 ). 

In its solvent properties for gases, liquids and solids, water 
is superior to all other liquids, and for this reason naturally 
occurring water is never pure. The purest form of naturally 
occurring water is ram water^ which has been produced by the 
condensation, in the upper and cooler regions of the atmosphere, 
of the water vapour rising from the surface of the earth. Rain 
water, therefore, has been purified by a process of distillation. 
In its descent to the earth, however, rain water dissolves not 
only the normal constituents of the atmosphere — oxygen, nitrogen 
and carbon dioxide — but also gaseous and other impurities which 
may be present, more especially in the neighbourhood of towns. 

Rain water, after its fall to earth, may penetrate to a greater 
or less depth, and when it emerges again at the surface as spring 
water, it will necessarily have become less pure. Its degree of 
purity or impurity will obviously depend on the length of its 
course underground and the nature of the materials with which 
it has come into contact. Sometimes, in the course of its wander- 
ing, the water comes into contact with and dissolves substances 
which give to it characteristic propei-ties, often of medicinal value. 
In this way are pi'oduced different mineral waters^ which are 
frequently much sought after and which constitute the chief 
attraction of many spas and health resorts — alkaline carbonated 
waters, sulphur waters, chalybeate (iron) waters, etc. The waters 
of Bath, in Somerset, which have been known since the time of 
the Romans and to which, led by Beau Nash, fashionable society 
flocked in the eighteenth century, to get relief from gout and 
rheumatism, owe their efficacy partly to the presence of radio- 
active substances. 

Spring water passes, in turn, into river water^ which may 
dissolve still further quantities of material during its progress 
to the sea^ where the amount of dissolved substances — chlorides 
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and sulphates of sodium, potassium, calcium and magnesium, 
for the most part — is so considerable as to render the water 
quite undrinkable. Ocean waters, for example, contain 3—4 per 
cent, of dissolved solids. Still gi*eater amounts of dissolved 
material are, however, found in the land-locked lakes, such as 
the Great Salt Lake, Utah, and the Dead Sea in Palestine, 
which have no outlet to the sea. Thus the Great Salt Lake 
contains from 15-23 per cent., and the Dead Sea from 19-26 per 
cent, of dissolved solids. 

Potable Water. — Since water is indispensable for life, it is 
of the highest importance that the supply of water for human 
consumption should be free from unpleasant or harmful impurity. 
Drinking water is chiefly derived from rivers or lakes, and the 
gases and solid matter wliich are contained in solution — pro- 
vided they are not present in too large an amount — ^render the 
water more palatable. 

Formerly, it was considered necessary only to carry out a 
chemical analysis of water as a proof of its purity, but it is now 
and has been, indeed, for long, realised that, apart from sub- 
stances of a poisonous character, e,g. lead, the most dangerous 
impurities are bacterial — disease-producing organisms of typhoid, 
cholera, etc. Although chemical analysis, by disclosing the 
presence of excessive amounts of nitrogenous compounds or^of 
chlorides in the water, can give very valuable indications of con- 
tamination by sewage and of the possible presence of pathogenic 
organisms, only a bacteriological examination can decide whether 
these organisms are really present or not. Such an examination, 
therefore, is essential as a safeguard to health. 

Although filtration through layers of sand and gravel is a 
very useful process for freeing water from suspended impurities, 
including bacteria, it is an inadequate treatment in cases where 
bacterial contamination is large. In some cases, treatment 
with ozone has been applied in order to destroy micro-organisms, 
but the substance which is now most widely employed for this 
purpose, is the gaseous element chlorine, which, even in very 
minute amount, one or two parts per million, has a powerful 
germicidal action. Chlorine was first employed near London, 
in 1889, for the disinfection of sewage, and in 1893 it was applied 
at Brewster, New York, for the protection of the water supply 
of New York City. Since that time, its use has greatly extended, 
and it is to the purification of drinking water by its means that 
the freedom of the troops from typhoid during the Great War 
is Jargely to be attributed. To the chlorination of the water 
suj^ply, also, the reduction by 79 per cent, of the typhoid death 
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rate in New York, and by 89 per cent, in Philadelphia, is mainly 
to be attributed. It is stated that more than three-fourths of 
the water supplied to cities in the United States for household 
use, is now treated with chlorine. 

In place of the element chlorine one can also use bleaching- 
powder or sodium hypochlorite (see later)^ substances which are 
in themselves sources of chlorine. 

Hard Water. — When water, during its course underground, 
comes into contact with limestone (calcium carbonate, CaC03), 
gypsum (calcium sulphate, CaS04) or with magnesium carbonate 
or sulphate, it dissolves these substances in larger or smaller 
amount and is thereby rendered hard,’’ a term applied to 
such water because of its feel in washing. Such impurities in 
water are objectionable and a cause of waste, whether the water 
be used for domestic or for industrial purposes. 

Whereas water dissolves calcium sulphate as such, the cal- 
cium and magnesium carbonates are dissolved mainly through 
the action on them of the carbon dioxide (carbonic acid gas) 
dissolved in the water. When water containing carbonic acid in 
solution comes into contact with calcium or magnesium carbonate, 
the sparingly soluble carbonate is converted into the readily 
soluble bicarbonate^ thus : 

CaCOg -f H2CO3 = Ca(HC03)2 

Calcium carbonate. Carbonic acid. Calcium bicarbonate. 


When hard water is used in a kettle or boiler, the dissolved 
calcium and magnesium compounds separate out and form a 
hard scale ” or fur ” which insulates the kettle or boiler 
and so causes a loss of heat. Explosions, moreover, may be 
caused in boiler tubes owing to the scale ” cracking and so 
allowing water to come into contact with the overheated tubes. 

Hard water, also, when used for washing purposes, is very 
wasteful of soap, because the calcium and magnesium salts 
decompose the soap with production of insoluble substances 
which separate out as a scum. Thus : 

2Ci7H35.COONa -f Ca(HC 03 )o 

Sodium stearate Calcium 

(soluble soapj. bicarbonate. 


or 


(Ci7H35.COO)2Ca 

Calcium stearate 
(insoluble). 


+ 2 NaHC 03 

j^odium 

bicarbonate. 


2Ci7H35.COONa + CaS04 (C17H35 C00)9Ca + Na2S04 

Calcium Sodii . . 

sulphate. sulpb'^be. 
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Since the soap is thus decomposed, no lather can be obtained 
and the soap cannot exercise its detergent properties, until 
sufficient of it has been added to combine with all the calcium 
and magnesium salts present. 

When the hardness of water is due to the presence of bicar- 
bonate of lime, it can be got rid of by boiling, because the bicar- 
bonate is thereby decomposed into the normal carbonate (CaC03) 
and carbonic acid ; and this acid, in turn, decomposes into 
water and carbon dioxide which escapes as a gas. Hardness 
due to bicarbonates is therefore termed temporary hardness. 
Hardness due to calcium sulphate, however, cannot be re- 
moved by boiling, and it is therefore spoken of as permanent 
hardness. 

The hardness of water which, whether for its domestic or its 
industrial use, is very objectionable, can be got rid of, or the 
water can be softened^ by various means. Water containing 
bicarbonates can be softened by the addition of slaked lime 
(calcium hydroxide) in proper amount. The bicarbonate is 
thereby converted into normal carbonate and so thrown out of 
solution : 

Ca(HC 03)2 + Ca(0H)2 = 2 CaC 03 + m^O 

Calcium Calcium Calcium Water, 

bicarbonate. hydroxide. carbonate. 

This water-softening process was first introduced by Thomas 
Clark (1801-1867), Professor of Chemistry in Marischal College 
and University, Aberdeen. 

Permanent hardness can be removed by means of soda-ash 
or sodium carbonate which converts the calcium sulphate in 
solution into calcium carbonate. The calcium salt is thereby 
removed from solution and the water softened. Thus : 

CaS04 4- NagCOs = CaCOg -f- Na^SO^ 

Calcium Sodium Calcium Sodium 

sulphate. carbonate. carbonate. sulphate. 

On this behaviour depends the use of sodium carbonate (^‘‘ washing 
soda ’*’) in the laundry. 

In 1905, another process for the softening of water, known 
as the permutit process, suitable for domestic or industrial use, 
was introduced. When quartz (silica), alumina and sodium 
carbonate are fused together, there is formed a sodium aluminium 
silicate, to which the trade name permutit has been given. 
When hard water is filtered through a layer of such material, 
the lime and magnesia (if present) are removed and the water 
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is thereby rendered soft, the reaction which takes place being 
represented by the equation : 

NagAlaSisOs + CaS 04 = Na 2 S 04 + CaAlgSiaOg 

Sodium alummium Calcium . Sodium Calcium aluminium 

silicate. sulxihate. sulphate ^ silicate. 

WLen the permutit ceases to be effective, its activity can be 
restored by allowing it to remain for some time in contact with 
a solution of common salt (sodium chloride), which reconverts 
the calcium aluminium silicate to sodium aluminium silicate. 

Physical Properties of Water . — Pure Water^ which can be 
obtained by the distillation of naturally occurring water, 
ordinarily appears as a colourless liquid. When seen through 
thick layers, as when one views the water of a deep glacier^ 
crevasse, it shows a fine blue colour. On being cooled down 
from the ordinary temperature, water behaves abnormally, in 
that it diminishes in volume until the temperature of 4"^ C. is 
reached, and thereafter it expands. To this behaviour is due 
the fact that lakes do not freeze completely to solid ice, a fact 
of the greatest importance in the economy of nature. 

When, in winter, the temperature falls below the freezing- 
point, the surface water is first cooled down, and, becoming 
denser through contraction, it sinks. This process goes on 
until the whole body of water has been cooled to 4° C. When, 
however, the surface layers of water are cooled to a lower tem- 
perature, expansion takes place, and the water becpming thereby 
specifically lighter, remains on the surface, and passes, in due 
course, into ice. Since ice and water are bad conductors of heat, 
it is only with comparative slowness that the tliickness of ice 
increases. But for this peculiar behaviour of water, lakes and 
rivers would become converted into solid masses of ice, aquatic 
life would be destroyed and the conditions of the glacial period 
would be restored. 

Water has a higher specific heat than any other liquid ; that 
is, more heat must be imparted to water in order to raise its 
temperature by a given amount than has to be imparted to the 
same weight of any other liquid. For this reason, hot water is 
a relatively great reservoir of heat, and gives out a large amount 
of heat on cooling, a fact which finds useful application, on a 
small scale, in the hot-water bottle. To this property, also, 
must be attributed the more temperate and equable climate of 
regions near the sea-coast. 

When water at 100'^ C. is converted into steam at lOO'^, a large 
amount of heat — 539 calories per gram of water — becomes latent 
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(p. 120) ; and this heat is again given out when steam condenses 
to water. For this reason, steam can be used for the transport 
of a large amount of heat. 

When water passes into ice, expansion amounting to about 
j^^ th part of the volume of the water takes place ; or 10 volumes 
of water become 10*9 volumes of ice. For this reason, icebergs 
-float in the sea, although with the greater part of their mass 
submerged. The bursting of water-pipes, the breaking down 
of rocks and the opening up of the soil in winter, are familiar 
consequences of the expansion of water on freezing. 

The latent heat of fusion of ice (p. 121) amounts to 79 
calories per gram, and is taken advantage of, as has already been 
pointed out, for the production of low temperatures. 

Composition of Water. — The composition of water, by weight, 
was determined with very great care by the American chemist, 
Edward W. Morley (1838-1923), Professor of Chemistry at 
Western Reserve University, Cleveland, Ohio, who published his 
results in 1895. Morley caused a weighed amount of hydrogen 
(which was occluded in palladium) to combine with a weighed 
amount of oxygen in a specially designed tube, and the weight 
of water produced was also weighed. As the result of a series 
of most painstaking and exact determinations, Morley found that 
2 grams of hydrogen combine with 15*879 grams of oxygen, or 
2*016 grams of hydrogen with 16*00 grams of oxygen. 

Gay-Lussac, we have seen (p. 105), in collaboration with 
Alexander von Humboldt, showed, in 1805, that hydrogen and 
oxygen combine in the ratio of 2 volumes of the former to 1 
volume of the latter ; and this result has been confirmed by 
later and more accurate determinations. This simple volumetric 
relationship, it will be remembered, inspired Gay-Lussac to 
investigate other cases of gaseous combination and so led to 
the discovery of the law of combination of gases by volume 
associated with the name of this French chemist. 

Some Chemical Properties of Water. — Although, in some 
of its chemical reactions, as when it is acted on by sodium or 
iron, water undergoes decomposition with evolution of hydro- 
gen, yet, in other cases, it may enter into combination with 
compounds without any loss either of hydrogen or of oxygen. 
Thus, when water, in not too large an amount, is poured on 
calcium oxide (quicklime), a considerable amount of heat is 
evolved, a new compound, calcium hydroxide^ is produced, and 
the hard mass of quicklime falls to a powder : 

CaO + H^O = Ca(OH )2 

Quicklime. Water. Slaked lime. 
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Tliis is 5 of course^ the familiar process known as the slaking of 
lime^ and the clouds of steam which are produced are evidence 
of the vigour of the chemical reaction which takes place. 

Similarly, water combines with sodium oxide, Na20, to form 
the compound sodium hydroxide or caustic soda (NaOH). 

When the slaked lime and the sodium hydroxide are treated 
with a larger quantity of water, they dissolve — the slaked lime 
only in small amount — and the solution which is obtained has 
a soapy feeling and turns a solution of the purple vegetable 
dye, litmus, blue. Substances having this property are called 
alkalis. 

On the other hand, when the oxide of phosphorus or of sul- 
phur, for example, is dissolved in water, combination takes place 
with formation of phosphoric acid (H3P04)5 and sulphurous acid 
(H2SO3), wliich, as has already been learned (p. 153 ), turn 
litmus solution red. 

One may summarise the results of investigation in the 
statement that water combines with the oxides of metals to form 
bases (which, if soluble, are called alkalis) ; and combines with 
the oxides of noji-metals to form acids. When an alkali is added 
to an acid, or an acid to an alkali, the acid and alkaline properties 
are neutralised^ and the product of the reaction is termed a salt. 
The nature of these three classes of substances, acids, alkalis 
and salts, will be considered more fully at a later point. 

Water, however, combines not only with the oxides of metals 
and of non-metals, but it may also combine with salts, which 
are formed by the interaction of acids and bases. Thus, when 
zinc and dilute sulphuric acid are brought together, hydrogen is 
liberated and zinc sulphate is formed (p. 221). This zinc sulphate 
remains in solution, but if the solution is concentrated by 
evaporation and then allowed to cool, the zinc sulphate separates 
out as white crystals. Analysis, however, shows that these 
crystals have a composition which is represented not by the 
formula, ZnS04, but by the formula, ZnS04,7H20, a compound 
of 1 molecule of zinc sulphate with 7 molecules of water. Such 
compounds are known as salt hydrates., and this particular com- 
pound is called zinc sulphate heptahydrate.i 

Similar compounds or hydrates are formed with many other, 
but by no means with all salts, and some of the hydrates are 
familiar to all. Copper sulphate, for example, forms with water 
the hydrate, CuS04,6H20, or copper sulphate pentahydrate, the 
beautiful, blue-coloured, crystalline salt known as bluestone. 
When this hydrate is heated, the water of hydration^ as it is 
^ From tlie Greek hrrd (hepta), seyen. 
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called,! passes off as water vapour, and one obtains tlie anhydrous^ 
copper sulphate, CUSO4, the form of a white crj^stalline 
powder. On bringing this into contact with water, hydration 
takes place with evolution of heat and formation of the blue 
pentahydrate. 

Salt hydrates exhibit a vapour pressure which increases with 
rise of temperature. Even at the ordinary temperature, the 
vapour pressure may, in some cases, exceed the pressure of the 
water vapour in the air. In such cases, the salt hydrate, when 
exposed to the air, will lose its water of hydration, in whole or 
in part, and pass either into the anhydrous salt or into a lower 
hydrate. Since this process is generally accompanied by a 
change of crystalline form and a crumbling of the hydrate to a 
powder, it is spoken of as efflorescence. This phenomenon is 
well shown by the familiar substance, wasliing-soda or sodium 
carbonate decahydrate (Na2CO35l0H2O). At the ordinary 
temperature, the vapour pressure of this compound is liigher 
than the normal pressure of the water vapour in the air, and, 
consequently, when the hydrate is left exposed to the air, water 
vapour passes off and the hydrate crumbles to a powder of the 
monohydrate, Na2C03,H20. 

Hydrogen Peroxide 

By the action of cold dilute sulphuric acid on a substance 
known as barium peroxide, the compound known as hydrogen 
peroxide is formed ; 

BaOg + PI0SO4 = BaS04 + HgOg 

Barium peroxide. Sulphuric acid. Barium sulphate. Hydrogen peroxide 

A solution is thus obtained which can be concentrated by 
distillation under reduced pressure. In dilute solution, hydrogen 
peroxide is fairly stable ; but if the solution is made alkaline, 
decomposition readily occurs, and this decomposition .may be 
markedly accelerated by the presence of platinum and other 
substances, as will be discussed more fully at a later point. 

Owing to the readiness with which hydrogen peroxide 
decomposes into water and oxygen, it acts as an oxidising agent. 
As such it finds application as a mild bleaching agent for silk, 
ivory, etc. It is also used as a disinfectant and bactericide, 
for the removal of pus and as a mouth wash. Its use for cleaning 
and restoring old paintings depends on the fact that it oxidises 

^ It is also sometimes, but less properly, called “ water of crystallisation.” 

? From the Greek a (alpha), not, and vScop (hydor), water. 
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the black lead sulphide fPbS), which is formed by the action of 
sulphur vapours on the Avhite lead ’’ present in the pigments, 
to white lead sulphate (PbSO,^). 

Anal 5 ^sis shows that while 8 parts by weight of oxygen are 
combined with 1*008 parts by weight of hydrogen to form water, 
in hydrogen peroxide 16 parts by weight of oxygen are combined 
with 1*008 parts by weight of hydrogen. This is in harmony 
with the law of multiple proportions discovered by Dalton (p. 57). 

Since, in hydrogen peroxide, hydrogen and oxygen are com- 
bined in the proportions of 1*008 parts of the former to 16*0 
parts of the latter, it follows that the empirical formula (p. 137) 
is HO. The method by which the molecular weight of hydrogen 
peroxide has been determined and the true formula of the 
compound shown to be H 2 O 25 will be discussed in the next 
chapter. 



CHAPTBR 

SOLUTIONS 

What is a Solution ? — When one brings sugar, salt, "washing- 
soda, and many other common and familiar substances into 
contact with water, the solid substance, if present in not too 
large amount, disappears ; it dissolves.^ and a clear liquid is 
obtained which is called a solution. Although, doubtless, in 
some cases, combination of the dissolved substance, or solute^ 
with the solvent takes place, one must not regard the solution 
as a whole as being a compound of water (or the solvent), with 
the sugar, salt or other dissolved substance. A compound is 
characterised, as we have already seen, by the fact that its 
composition is perfectly definite and constant, and cannot be 
altered by adding more or less of one of the constituents. The 
composition of a solution, however, can be altered as we please, 
within certain limits p and the proportions in which the solute 
and solvent are present in the solution may be varied, in some 
cases varied very greatly, so that one obtains solutions of different 
strength or concentration. Even if chemical combination does 
take place, it appears to do so only to a limited extent, and is 
accompanied by a mechanical intermingling of the molecules. 
One may, therefore, regard a solution as being merely a homo- 
geneous mixture in which the molecules of the dissolved substance 
or solute, combined, it may be, with a limited number of solvent 
molecules, are uniformly distributed throughout and among 
the molecules of the water, or other liquid which acts as the 
solvent. A solution^ in short, is a homogeneous mixture of variable 
composition. 

Eestricting the present discussion to solutions in which water 
is the solvent,! it is clear that homogeneous mixtures may be 
obtained not only with solids, like cane sugar, but also with 
gases and with liquids. Except in the case of liquids under 
certain conditions, to be considered later, water can dissolve 
only a limited or restricted amount of the solute. Thus, when 
a gas or a solid is kept in contact with water, solution takes 

3- The discussions would not be essentially different for other liquids as solvents. 
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place, and tlie process continues only until the concentration 
of the solute reaches a definite value, %vhich is independent of 
the amount of gas or solid present, so long as these are present 
in excess — a fact well known even in the days of Pliny. A 
condition of equilibrium is established between the gas and the 
solution or between the solid and the solution ; and when the 
solution is in this state of equilibrium, it is said to be saturated. 
The concentration of the solute in the saturated solution, or the 
amount of solute in a definite amount of solvent, is called the 
solubility of the solute in the particular solvent, and may be 
expressed in various units. 

Solubility of Gases. — ^WTen water is shaken with a gas, 
such as oxygen or carbon dioxide, the amount of gas which dis- 
solves is found to depend not only on the temperature but, 
very markedly, also on the pressure. The solubility, or the 
amount of gas by weight which dissolves in a given amount of 
water, decreases with rise of temperature and increases with 
increase of pressure ; and the relation between the solubility 
and the pressure is summed up in the law enunciated in 1803 
by the English chemist, William Henry (1775-1836), and known 
as Henry’s law. This law states that under equal circum- 
stances of temperature, water takes up in all cases the same 
volume of condensed gas as of gas under ordinary pressure ” ; 
or, the volume of a gas dissolved by a given amount of water at 
a given temperature, is independent of the pressure. Since, 
on the basis of Boyle’s law, the amount of a gas contained in a 
given volume is proportional to the pressure, Henry’s law may 
also be stated in the form : The amount of a gas dissolved by a 
given amount of water at a given temperature is proportional 
to the pressure. The law, however, is not valid for very soluble 
gases, such as ammonia or hydrogen chloride. 

In the preparation of aerated beverages, first produced 
artificially by Priestley, carbon dioxide is pumped into water 
under pressure, or the carbon dioxide is formed under pressure 
by fermentation (as in the case of beer), and consequently, the 
amount of gas dissolved is greater than if the water were shaken 
with carbon dioxide under atmospheric pressure. When, 
therefore, the bottle containing the beverage is opened, carbon 
dioxide escapes with effervescence, so as to reduce the concen- 
tration of gas in the liquid to that which is in equilibrium with 
the gas under atmospheric pressure. Although there is, at 
first, a sudden rush of gas when the pressure is reduced, later, 
the gas escapes from solution and the condition of equilibrium is 
approached only slowly, if the liquid is left undisturbed. The 
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solution tends to remain supersaturated. If, liowe^^er, the solu- 
tion be shaken or if bubbles of air be passed through the solution, 
the so-called metastable equilibrium of the supersaturated solution 
is upset and the excess of gas rapidly escapes. The vigorous 
effervescence which takes place on dropping a piece of bread or 
a spoonful of sugar — ^the particles of which carry air in their 
pores or are coated with a film of air — ^into a glass of comparatively 
quiescent beer or other aerated beverage, is probably familiar 
to all. 

Solubility of Liquids. — The solubility of a liquid in water 
at any given temperature may be infinite or it may be limited. 
Thus, as is well known, if alcohol (spirits of wine) be added to 
water, the two liquids mix completely in all proportions. Alcohol 
and water are completely miscible with each other. On the 
other hand, if ether and water, or phenol (carbolic acid) and 
water, be shaken together, it will be found that a given amoum; 
of water can dissolve only a limited amount of ether or of phenol. 
In the case of liquids, moreover, solubility is mutual, and so it 
is found that just as water dissolves a limited amount of ether 
or of phenol, so ether and phenol dissolve a limited amount of 
water. If, then, a quantity of water is shaken with, say, excess 
of phenol, a white emulsion is formed which, on standing, rapidly 
separates into two liquid layers ; a lower layer, consisting of a 
saturated solution of water in phenol, and an upper layer, 
consisting of a saturated solution of phenol in water. 

The mutual solubility of liquids, however, alters with the 
temperature, and it is found, in the case of phenol and water, 
for example, that the mutual solubility increases with rise of 
temperature. As the temperature is raised, therefore, the com- 
position of the two mutually saturated solutions becomes more 
nearly the same, until, at about 66° C., the two liquid layers 
become identical in composition. That is to say, the two liquid 
layers pass into a single homogeneous solution. The temperature 
at which this takes place is called the critical solution temperature. 
At temperatures above the critical solution temperature, the 
liquids are miscible in all proportions. 

If to the mixture of water and phenol one adds a third 
substance, the temperature at which a single homogeneous solu- 
tion is formed is greatly altered. If the substance added is 
soluble in both water and phenol, the mutual solubility is 
increased and the temperature at which these two substances 
become completely miscible, is lowered. This fact is made use 
of in the preparation of concentrated antiseptic liquids, such as 
Lysol, Jeyes’ fluid, etc., which are produced by the addition of 
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sodium oleate (a soap) to mixtures of water and phenol or water 
and cresol, a substance which is related to phenol. By the 
addition of sodium oleate, the critical solution temperature is 
lowered to below the ordinary temperature, and solutions may 
therefore be prepared containing as large a proportion as may 
be desired of phenol or of cresoL 

Solubility of Solids. — The condition of equilibrium which 
is established between a solid and a solution, that is, the solu- 
bility of a solid, depends not only on the nature of the solid 
substance but also on the temperature. Little is known regarding 
any general relation between chemical composition and solu- 
bility ; and mth regard to the influence of temperature on the 
solubility, a very diverse beha\T[our is found. This will be 
obvious from an examination of the solubility curves shown in 
Fig. 49. In some cases, e.g. sodium chloride, the solubility varies 
only slightly with the temperature, but in other cases, e.g. 
potassium nitrate, very great variation is shown. Sometimes 
the solubility diminishes with rise of temperature ; and the solu- 
bility curve may also show a maximum or a minimum point. 

On examining Fig. 49, it will be observed that the solubility 
curve for sodium sulphate differs markedly from the other curves, 
for in this case the curve shows, at about 33° C., a‘ sudden 
change in direction. The curve is no longer continuous. This 
behaviour, which is very important, is a sure indication that a 
change takes place in the nature of the solid substance in contact 
with the solution ; and when one investigates the matter more 
closely, it is found that up to a temperature of 33°, the solid which 
is in contact with the solution is Glauber^s salt or hydrated 
sodium sulphate, Na 2 SO 4 , 10 H 2 O, whereas the solid in contact 
with the solution above 33°, is the anhydrous salt, Na 2 S 04 . 
One is really dealing, therefore, not with one solubility curve 
but with two solubility curves — ^that for the hydrated and that 
for the anhydrous salt. Above 33°, Glauber'^s salt is not stable, 
even in contact with aqueous solution, but loses its water of 
hydration and passes into the anhydrous salt. Below 33°, on 
the other hand, anhydrous sodium sulphate, in presence of water, 
passes into the hydrated salt. For this reason, anhydrous ' 
sodium sulphate may be used for the purpose of drying or 
removing small quantities of water from liquids at temperatures 
below 33°, 

If the saturated solution of a solid, the solubility of which 
increases with the temperature, is prepared at some temperature 
above the ordinary and is then cooled down, out of contact with 
the solid, crystallisation of the excess of solute may not take 
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place. The solution is then said to be supersaturated. With 
proper precautions, a supersaturated solution may be preserved 



indefinitely, provided that all traces of the crystalline solid are 
rigidly excluded. If, however, a minute trace, even the ten 
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thousand millionth part of a gram^ of the solid substance — 
a particle which might float in the air as a speck of dust — is 
brought into contact with the supersaturated solution, the state 
of apparent equilibrium — a so-called metastable equilibrium — is 
upset, the solute begins to crystallise out, and the process con- 
tinues until the concentration in the solution becomes equal to 
the solubihty value at the particular temperature. 

This behaviour may readily be demonstrated by preparing 
a saturated solution of sodium sulphate at a temperature of say 
50° C. At this temperature the sodium sulphate is anhydrous 
and 100 grams of water dissolve about 50 grams of the sulphate, 
Na 2 S 04 , If the solution is then carefully separated by filtration 
from all particles of the solid, and cooled down to the room tem- 
perature (15°),i no crystallisation takes place although, at this 
temperature, a saturated solution of hydrated sodium sulphate 
contains only about 13 grams of the salt to 100 grams of water. 
If even a minute crystal of Glauber'^s salt or hydrated sodium 
sulphate ^ (Na 2 SO 4 , 10 H 2 O) be drojDped into the solution, 

crystallisation begins at once. 

Purification by Recrystallisation. — Owing to the great 
differences which exist between the solubilities of different sub- 
stances, as well as to the variation of the solubility with tempera- 
ture, it is possible, by crystallisation, to separate one solid from 
another with which it may be mixed, and so to purify it. Thus, 
if a mixture of 30 grams of potassium chlorate and 30 grams of 
the yellow salt, potassium chromate, is dissolved in 100 grams of 
hot water, and the solution then allowed to cool to room tempera- 
ture, about 24 grams of potassium chlorate will crystallise out, 
because the solubility of this salt at 15° C. is only about 6 grams 
per 100 grams of water. Since, however, more than 60 grams 
of potassium chromate dissolve in 100 grams of water at 15°, 
none of the potassium chromate will separate from the mixed 
solution. The crystallised potassium chlorate is separated from 
the solution by filtration, and washed free from the mother liquor^ 
with a small quantity of cold water. This method of recrys- 
tallisation^ as it is called, is very frequently made use of for the 
purification of crystalline solids. 

Diffusion and Osmotic Pressure. — ^In discussing the pro- 
perties of the gaseous state, it was pointed out that a gas, owing 
to the molecules being in rapid motion, can diffuse or distribute 


^ As particles of sodinm sulpliate may be present in the dust of the air, the 
mouth of the vessel should be closed by a plug of cotton wool. 

^ Sodium sulphate crystallises from water at the ordinary temperature, as 
hydrated salt. 
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itself uniformly throughout the whole space offered to it no matter 
how laz'ge that space may be. In the case of liquids, we have 
seen, the molecules ax'e also in motion ; and they possess, there- 
fore, the power of diffusion. The process, however, now takes 
place more slowly, for the molecules of the liquid are packed 
more closely together, and the mutual collisions are therefore 
more frequent. The forward progress of a molecule is, in conse- 
quence, very slow, like that of a man who might try to pass 
through a dense and jostling crowd. Nevertheless, diffusion 
does take place, as we can easily satisfy ourselves by carefully 
bringing a layer of water on the top of a concentrated solution 
of a coloured substance {e.g, copper sulphate or potassium 
permanganate), standing at the bottom of a cylinder. In the 
course of time it will be found that the coloured solute has 


diffused upwards into the water, while, at the same time, water 
will have diffused downwards into the solution. The experi- 
ment can be carried out more easily by pouring the coloured 
solution 1 into a test-tube which is two-thirds filled with a 3 per 
cent, gelatine jelly. After a time, it will be 


found, the coloured solute will have diffused 
some distance into the gelatine jelly. 

Even when the solution is separated from 
the pure water by a membrane of parchment 
paper, diffusion takes place just the same, as 
can be shown by placing a solution of copper 
sulphate in a parchment tube or thimble,’’ 
which is then immersed in water. Very soon 
it will be possible to detect the presence of 
copper sulphate in the water outside the tube. 

Further interesting information concerning 
the process of diffusion, which takes place be- 
cause the solvent and solution are not in 
equilibrium with each other, is obtained if one 
attaches the parchment thimble ” firmly to 
a glass tube as shown in Fig. 50. A concen- 
trated solution, say, of cane sugar, is poured 
through the side-tube a until the level rises 
to a point in the narrow glass tube. The 



Tig. 50. — Osmotic 
pressure. 


parchment tube is then immersed in pure water. After some 
time, it will be found that the level of the solution has risen. 


thereby producing a hydrostatic pressure in the parchment 


tube. The production of such a pressure, first observed, in 


^ For this expenmeiit the deep-hlue coloured solution obtained by adding 
ammonium hydroxide to a solution of copper sulphate is very suitable. 
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1748^ by the French Abbe% Jean Antoine Nollet (ITOO-ITTO), 
a Professor of Physics in Paris, indicates that water molecules 
diffuse through the parchment membrane more rapidly than 
solute molecules do ; and since the pressure is produced by 
a process known as osmosis^'^ or diffusion of a liquid through 
a membrane, it has been called an osmotic pressure. Since the 
membrane of parchment paper is permeable to the sugar mole- 
cules as well as to the molecules of water, the hydrostatic 
pressure or osmotic pressure cannot be permanent ; and the 
level of the liquid in the osmometer — as the apparatus may be 
called — after rising to a certain maximum height, will fall until 
the level of liquid outside and inside the osmometer is the same. 
This will occur when, through osmosis, uniform concentration 
of solution has been established throughout the liquid inside 
and outside the osmometer. 

Since the osmotic pressure produced in the experiment just 
described is due to a difference in the relative velocity of osmosis 
of solvent and solute molecules, it is clear that in proportion as 
the membrane becomes relatively less and less readily permeable 
to the solute, the observed pressure will increase. It is, however, 
possible to imagine a membrane which, while still permeable 
to water molecules, is quite impermeable to solute molecules ; 
and with such a membrane — called a semipermeable membrane — 
osmosis can, of course, take place only in one direction, namely, 
inflow of water to the solution. The process of osmosis, how- 
ever, cannot go on indefinitely, for, as the hydrostatic pressure 
inside the osmometer increases, or as the pressure on the solution 
increases, it tends to force the solvent back again through the 
membrane. That is to say, the mechanical or hydrostatic pres- 
sure produced by the osmosis of water into the solution opposes 
the force causing the osmosis ; and when the two become equal, 
osmosis will stop. The hydrostatic or osmotic pressure produced 
with such a membrane as has been here postulated, is an equilib- 
rium pressure^ and is no longer temporary but permanent ; and 
the pressure so produced is the maximum pressure which can be 
attained with the given solution. This maximum pressure, 
obtained with a semipermeable membrane, is now generally 
referred to as the osmotic pressure of the solution. 

It will be clear that this conception of the osmotic pressure 
of a solution will have no real value, for one will not be able to 
measure it, unless it is possible to obtain a semipermeable mem- 
brane. Fortunately, such a membrane can be obtained, semi- 
permeable for certain solutions at least, for it has been found that 
From the Greek wafios (osmos), a push. 
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a membrane of copper ferrocyanide will allow water molecules 
to pass through but not the molecules of cane sugar. 

Measurement of Osmotic Pressure. — In attempting to use 
such a membrane for the construction of an osmometer, or 
apparatus for the measurement of osmotic pressure, the difficulty 
is at once encountered that the membrane is much too weak to 


withstand the pressures wliich are produced, amounting, as they 
do in some cases, to many atmospheres. This difficulty was, 
however, surmounted in 1877 by Wilhelm Pfeffer (1845-1920), 
Privatdozent in Bonn, and later Professor of Botany in the 
Universities of Tubingen and of Leipzig, who filled a battery 
pot of porous ware with a solution of copper sulphate and then 
stood it in a solution of potassium ferrocyanide. Diffusion of 
the salts took place, and where the two salts met in the walls of 
the pot, a gelatinous precipitate of copper ferrocyanide was 
formed. The precipitate so obtained, being supported by the 


material of the pot, was found capable of 
sustaining considerable pressures. 

A sketch of the apparatus, ready for use, 
is shown in Fig. 51. The porous pot, sr, 
containing the solution of which the osmotic 
pressure is to be measured, is connected with 
a closed manometer, 77^, by means of the 
tube, and the collars, v and r. The pot is 
then placed in pure water kept at constant 
temperature. In the course of a short time 
the pressure inside the pot is shown by the 
manometer to increase, and ultimately to be- 
come constant. The constant pressure thus 
produced represents the osmotic pressure of 
the solution. 

With this apparatus a number of deter- 
minations of osmotic pressure were made by 
Pfeffer, who found that the osmotic pressure 
is proportional to the concentration of the 
solution, and that it increases with rise of 



Tig. 51. — ^Pfefier’s 
osmometer. 


temperature. 

The study of osmotic phenomena has,* primarily, a great 
biological interest, because of the fact that plant and animal 
cells are surrounded by -a quasi-semipermeable membrane, or a 
membrane which possesses the property of selective permeability, 
of such a kind that it is capable of allowing the passage of water 
and of certain dissolved substances while it retains soluble food- 


stuffs within the cell. 
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When a plant cell is immersed in a solution which is more 
concentrated than that of the cell contents, water passes from 
the cell into the outer solution. The cell, therefore, contracts 
away from its supporting cellulose framework (Fig. 52, B and C), 
and thereby loses its turgor or tenseness. If, however, the cell 
is placed in water or in a solution of lo^rer osmotic pressure than 

the cell sap, water 

B y, c 


passes into the cell. A 
pressure is created 
within the cell which 
thereby regains the 
turgor or tone 
necessary for healthy 
life, and presses against 
its cellulose support 
(Fig. 52, A). One can 
understand, therefore, 
why a plant which has 
wilted owing to loss of water by evaporation or because the salt 
concentration of the solution entering through the roots is too 
high, can be revived by placing in pure water. In the life of 
animal cells^ also, osmotic pressure plays an important part. 

The phenomena of osmotic pressure, however, possess an 
interest and importance not only for the biologist but also for 
the chemist and physicist, and the study of these phenomena led 
van’t Hoff, in 1886, to the discovery of a very important analogy 
between substances in the gaseous state and in dilute solution, 
an analogy which finds expression in the words : A substance in 
dilute solution behaves as if it z^ere a gas occupying the volume of 
the solution and under a pressure equal to the osmotic pressure. 



Fig. 


-Osmotic pressure and plant cells. 


Jacobus Henricus van^t Hoff, pre-eminent for his contri- 
butions to theoretical chemistry, and acclaimed during his life 
as the greatest living physical chemist,*” was born at Rotterdam 
in August 1852. At the age of seventeen, he entered the 
Polytechnic at Delft for the purpose of qualifying as an engineer, 
but before he had completed his course, he had decided to devote 
himself to chemistry, a subject to which he had taken a liking 
even while at school. Attracted by the work of the great German 
chemist Kekule, van*^t Hoff proceeded to the University of Bonn 
in 1872, and there his first experimental investigations were 
carried out. It was not, however, through laborious experimental 
investigations that van‘’t Hoff was to attain his undying fame. 
His was a mind which found no satisfaction in acquiring an 
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encyclopjaedic knowledge of details, but one which strove to 
gam a knowledge of fundamentals ; a generalising and specu- 
lative mind which worked in a poetic sphere in wliich his scientific 
imagination sought to smze truth as it 'were by anticipation.*” 
The first fruit of van'^t Hoff’s habit of speculating and daydream- 
ing, noticeable even in his school-days, is to be found in Ms 
epoch-making theory of the asymmetric carbon atom ’’ which 
forms the foundation of stereochemistry (see Chap. XXVIII), 



Jaoobtjs Heneious van’t Hoff. 


and which was published in 18'74. At that time, van’t Hoff 
was just 22 years old ! Important as was his Chemistry in 
Space^ Ms Studies in Chemiccd Dynximics^ first published in Trench 
in 1884, was still more important. In tMs work — one of the 
great classics of chemical science — van’t Hoff placed the study 
of the velocity of chemical reactions, chemical affinity and 
chemical equilibrium on a firm basis of thermodynamics, and 
through Ms interest in these fundamentally important questions 
he was led to the discovery of that analogy between substances 



244 


THE SPIRIT OF CHEMISTRY 


in the gaseous state and in solution to which reference has been 
made above. 

In 18965 van^t Hoff left Amsterdam for Berlin, having 
accepted election to the Academy there and appointment as an 
Honorary Professor in the University ; and in Berlm he remained 
for the rest of his life, unravelling, with the help of graduate 
students from different countries of the world, the solubility 
relations and the conditions of formation and separation of the 
salts of the great Stassfurt deposits. 

Although honours were showered upon him by Universities 
and learned Societies, and included the award, in 1901, of the 
first Nobel Prize in Chemistry, vanff Ploff' retained throughout 
the kindliness of heart and the quiet simplicity of character 
which had marked his whole life and which added a glory to his 
genius. 

Attacked by tuberculosis, vanff PIoff‘ died on March 1st, 
1911. 

Analogy between Solutions and Gases. — On the basis of 
thermodjmamics and by employing the conception of a semi- 
permeable membrane, vanff Ploff deduced that the osmotic 
pressure of a dilute solution is proportional to the concentration 
and to the absolute temperature, two laws which are obviously 
the analogues of the laws of Boyle and of Gay-Lussac for gases, 
and which were confirmed by the measurements of Pfeffer. He 
deduced, moreover, the law that, solutions which contain the 
same number of gram-molecules of solute in a given volume of 
solution, have the same osmotic pi'essure, just as gases which 
contain the same number of gram-molecules in a given volume, 
exercise the same gaseous pressure. For 1 gram-molecule of a 
gas, we have seen, the relationship between pressure, volume and 
absolute temperature is, for all gases, given by the equation 
pv=W £ ; and, for 1 gram-molecule of a substance in solution, 
there obtains the analogous equation, PV==KT, where P is the 
osmotic pressure and V the volume of the solution. Still more 
surprising, however — and here the analogy is completed — the 
constant K for solutions has the same value as the constaiit li 
for gases. 

By his discovery of the analogy between substances in dilute 
solution and gases, van‘’t Ploff* laid the basis of a theory of 
solutions which, although applicable only to dilute solutions, 
has, by reason of its simplicity, exercised an extraordinary 
influence on the development of physical, chemical and biological 
science. The more recent and exact measurements of osmotic 
pressure carried out by H. N. Morse (1848-1920) and co-workers 
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at Johns Hopkins University, Baltimore, and by the Eael of 
Berkeley and E. G. J. Hartley in England, have shown, how- 
ever, that in concentrated solutions the simple laws of osmotic 
pressure enunciated by van^t Hoif are no longer valid. 

On the basis of the analogy discovered by van’t Hoif, it is 
possible to determine the molecular weight of substances in 
solution from determinations of the osmotic pressure, just as 
one can determine the molecular weight of a substance in the 
gaseous state from determinations of the vapour density. Thus, 
we have seen that 1 gram-molecule of a substance in the gaseous 
state, when occupying a volume of 22*4 litres at 0° C., will exercise 
a pressure of 1 atm. (76 cm. of mercury). Consequently, we can 
say, 1 gram-molecule of a solute in 22*4 litres of solution will 
have, at 0° C., an osmotic pressure of 1 atm. or 76 cm. of mercury. 
On the basis of this relation, the molecular weight of a dissolved 
substance can be calculated, as is shown by the following example, 
taken from the determinations of osmotic pressure by Pfeiffer. 

A solution containing 1 gram of cane sugar in 100*6 c.c., 
was found to have an osmotic pressure at 0° C. of 49*3 cm. of 
mercury. From this one can calculate how many grams of cane 
sugar would have to be dissolved in 22*4 litres of solution, in 
order to produce an osmotic pressure of 76 cm. of mercury. 

1 V 22 400 

Thus: 1 gram in 100*6c.c. = — ‘^qq^ — = 222*6 grams in 22,400 c.c. 

Since the osmotic pressure is proportional to the concentration, 

1 X* X * * 222*6x76 

a solution containing — 49~3 — ==^43 grams in 22,400 c.c., 

will have an osmotic pressure at 0° of 76 cm. of mercury. The 
. number 343, therefore, represents the approximate molecular 
weight of cane sugar. The value corresponding to the formula 
C 12 H 22 O 11 is 342. 

Freezing-point of Solutions. — Owing to manipulative diffi- 
culties and the impossibility of obtaining membranes which are 
semipermeable for all the different solutes, determinations of 
the osmotic pressure are not a satisfactory means of ascertaining 
the molecular weights of substances in solution. Fortunately, 
however, as vanT Hoff pointed out, there is an intimate connec- 
tion between the value of the osmotic pressure of a solution and 
its freezing-point. It had long been known that when a sub- 
stance is dissolved in water, the freezing-point of the water is 
thereby lowered ; and, even in 1883, it was shown by Francois 
Marie Raoult (1830-1901), Professor of Chemistry in the Uni- 
versity of Grenoble, that the depressio?i of the freezing-point 
is proportional to the molecular concentration of the solution. 
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Consequently, all aqueous solutions containing the same number 
of gram-molecules of solute in a given amount of solvent freeze 
at the same temperature. Knowing that 1 gram-molecule of a 
solute dissolved in 1000 grams of water gives a solution which 
freezes at — C., it becomes possible, from determinations 
of the freezing-point i of aqueous solutions, to calculate the mole- 
cular weight of the solute. Thus : 

0T8 gram of hydrogen peroxide dissolved in 17*61 grams of 
water gave a solution which froze at — 0*571° C. What is the 
molecular weight of hydrogen peroxide ? 

The concentration of the solution is such that there are 


0*18x1000 

17*61 


=10*23 grams of hydrogen peroxide to 1000 grams 


of water. This concentration of solute, however, gives a depres- 
sion of the freezing-point of only 0*571°. Therefore, the con- 


centration necessary to give a depression of 1 * 86 ° is 


10*23x1*86 

0*571 


=33*3 grams per 1000 grams of water. The number 33*3, 
therefore, represents the approximate molecular weight of 
hydrogen peroxide. Since the empirical formula of hydrogen 
peroxide is HO, the multiple of this which has a molecular weight 
nearest to 33 is H 0 O 25 the molecular weight of which is 34*03. 
This formula, therefore, is the true formula of hydrogen peroxide. 

Boiling-point of Solutions. — Whereas the freezing-poiiit of 
a solution is lower than the freezing-point of the pure solvent, 
the boiling-point is higher ; and it has been found that the 
eIevatio7i of the boiling-pohit is proportio7ial to the molecular con- 
centratio7i of the solutio7i. In the case of aqueous solutions, it 
has been found that when 1 gram-molecule of solute is dissolved 
in 1000 grams of water, the boiling-point, under atmospheric 
pressure, is 100*52° C. That is, the molecular elevation of 
the boiling-point is 0*52° C. From determinations of the boiling 
point of a solution, therefore, one can also calculate the mole- 
cular weight of a dissolved substance. 

It will be very obvious that the properties of solutions which 
have just been discussed, and more especially the laws connecting 
the concentration of a solution with the depression of the freezing- 
point and elevation of the boiling-point of the solvent, are of the 
highest practical as well as theoretical importance ; for on these 
laws there have been based methods by which it is possible to 
determine the molecular weight of substances, such as hydrogen 
peroxide, which cannot be obtained in the state of gas or vapour. 


^ These are known as cryoscopic determinations, this term being derived from 
the Greek Kpvos (kryos), frost, and o-kottclv (skopein), to observe. 
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It must, however, now be emphasised that the laws which have 
been discussed in the preceding pages do not apply, in their 
simple form, to all solutes. They apply to substances such as 
cane sugar, glycerin and alcohol, but they do not apply to the 
large groups of compounds known generally as acids, alkalis 
and salts. The reason for this will be discussed in the following 
chapter. 



CHAPTER XVI 


ACIDS, ALKALIS AND SALTS. THEORY OF 
IONISATION 


Abnormal Behaviour of Solutions. — The simple laws of vanT 
Hoff and of Raoult do not, as has just been stated, apply with- 
out modification to solutions of those substances which are 
known as acids, alkalis and salts. An aqueous solution of cane 
sugar or of glycerol (glycerin ^), containing 0*20 gram-molecule 
of solute in 1 litre of solution (strictly, 1000 gm. of solvent), 
freezes at — 0*186° X 2 = — 0*372° C. (p. 246), and it might there- 
fore be expected that a solution of common salt (sodium chloride) 
containing 0*20 gram-molecule of solute in 1 litre of solution, 
would also freeze at — 0*372°. Experiment, however, shows' that 
this is not the case. The solution of sodium chloride freezes 
at — 0*693° ; or, the depression of the freezing-point of the salt 
solution is greater than that of the sugar solution of the same 


molecular concentration, in the ratio 


0*693 

0*372 


1*863. 


In other 


words, the solution of sodium chloride behaves cryoscopically as 
if it had a concentration of 0*20 X 1*863=0*372 gram-molecule 
per litre. 

Not only do solutions of salt show an abnormal cryoscopic 
behaviour, but the behaviour is all the more abnormal the more 
dilute the solution. Thus, when the solution of sodium chloride 
contains only 0*117 gram-molecule per litre, the depression of 
the freezing-point is 1*93 times greater than for a solution of 
cane sugar of the same molecular concentration ; and when the 
concentration is reduced to 0*047 gi*am-molecule per litre, the 
depression is twice as great. Different salts, moreover, show 
different degrees of abnormality, sometimes greater, sometimes 
less, than that shown by solutions of sodium chloride. In all 
cases, however, the solutions behave as if they contained an 
abnormally large number of molecules or solute particles in 
solution ; that is to say, they behave as if the molecules of the 


^ Tlie systematic name of the substance is glycerol, but the older name glycerin 
is popularly used. 
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salt broke up in solution so as to yield a larger number of 
particles, each of which behaves as a separate solute molecule. 

It is worthy of note that in the case of certain substances 
in the gaseous state, a closely analogous phenomenon is observed. 
It is well known, for example, that when ammonium chloride 
(NH 4 CI) is vaporised by heat, the molecules of the compound, 
in the vapour state, undergo dissociation with production of 
molecules of ammonia (NH 3 ) and of hydrogen chloride (HCl). 
In the vapour, therefore, there are present not only molecules 
of NH 4 CI, but also molecules of NH 3 and HCL Consequently, 
one finds that when a given quantity of ammonium chloride is 
vaporised in an exhausted vessel, the pressure produced is 
greater than the pressure which would be produced in the same 
vessel by an equimolecular amount of hydrogen at the same 
temperature. In other words, the behaviour of ammonium 
cHoride in the state of vapour does not appear to be in harmony 
with Avogadro'^s theorem. Certain other substances behave in 
a similar manner. 

Just as the apparently abnormal behaviour of ammonium 
chloride in the vapour state finds its explanation in the dis- 
sociation of the molecules, so one may assume that when salts, 
acids and alkalis are dissolved in water, they also dissociate ; 
for their solutions behave as if the number of dissolved molecules 
were greater than that calculated from the simplest molecular 
formula of the dissolved compound. If, however, one makes 
this assumption, the question at once arises : What, then, are 
the products of dissociation ? Into what, for example, does 
sodium chloride dissociate when it is dissolved in water ? Clearly, 
not into sodium and chlorine ; for sodium is a metal which decom- 
poses water with evolution of hydrogen, and chlorine is a gas 
which dissolves in water, imparting to it a characteristic odour 
and bleaching properties. An answer to the question was found 
from a study of the behaviour of solutions towards electricity. 

Electrolytes and Non-electrolytes. — ^When one places in a 
vessel containing pure distilled water, the ends of two wires 
which are connected with an electric-lighting circuit and lamp 
(Fig. 53), the lamp remains dark. The electrical circuit is broken 
by the water, which is a non-conductor of electricity. If to the 
water one adds cane sugar, glycerin, or alcohol, the lamp still 
gives forth no light, for the solutions of these substances do not 
conduct the electric current. When, however, one dissolves in 
the water even a very little common salt, or caustic soda, or 
hydrochloric acid (spirit of salt, as it is frequently called), the 
lamp at once lights up, showing that the flow of electricity is no 
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longer interrupted by the liquid. In the same way, other sub- 
stances soluble in water may be tested, and it will be found that 
the different substances can be divided into two classes, those 
that yield solutions which conduct electricity, and those that 
yield solutions which do not conduct electricity. Substances 
belonging to the former class are called electrolytes^ substances 
belonging to the latter class, non-electrolytes , Sugar is a non- 
electrolyte salt is an electrolyte. Similarly, all the substances 
known as acids^ which have a sour taste and the property of 
turning red a blue solution of the vegetable colouring matter 
called litmus ; all the substances, also, known as alkalis^ which 
have the opposite property of restoring the blue colour to solu- 
tions of litmus which have been reddened by acids ; and lastly, 
all the substances known as salts^ which are formed by the com- 



Fig. 5^. — Conductivity of solutions for electricity. 


bination of acids and alkalis ; all these substances, acids, alkalis 
and salts, are electrolytes, and yield solutions which conduct the 
electric current. 

When an electric current is passed through the solution of 
an electrolyte, even the most superficial observation will teach 
us that a liquid conductor differs from a metallic one. In the 
latter case, no apparent change takes place, but in the former, 
there is a very obvious decomposition of the conducting solution. 
This process of decomposition by an electric current is known as 
electrolysis} and has already been employed for the production 
of hydrogen and oxygen (p. 222). A similar decomposition is 
observed when one passes a current of electricity through, or 
electrolyses^ a splution of copper sulphate. In this case, it is 
observed that the surface of one of the electrodes (as the portions 
of the metallic conductor dipping into the solution are called), 

^ From the stem of the word electricity and the Greek word Aoat? (lysis), a 
loosening or decomposition. 
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iiiinxediately becomes coated with a bright rose-coloured deposit 
of copper. This, in fact, is the process used in electroplating. 
In the case of solutions of sodium chloride, also, the sodium 
liberated at one of the electrodes decomposes the water with 
production of hydrogen gas, which can be seen rising in bubbles 
from the electrode, and the solution acquires an alkaline reaction, 
as is shown by the fact that it turns reddened litmus blue. At 
the other electrode, chlorine is set free, and, dissolving in the 
water, yields a solution having bleaching properties, as is shown 
by the fact that it discharges the colour of a litmus solution. 
Whenever, therefore an electric current passes through a con- 
ducting solution, there is a movement of electrically charged 
matter through the liquid — charged particles of copper, or 
sodium, or chlorine, for example — and some of these particles 
move towards the one electrode, some towards the other electrode. 

This conclusion was reached early last century by that great 
Natural Philosopher, Michael Faraday, who called the electric- 
ally charged moving particles which thus conveyed the electricity 
through the solution, by the happily chosen Greek term ions 
(i,e. wanderers) ; and this term is still retained. 

That there is a relationship between the conducting power 
of solutions for electricity and their abnormal osmotic and 
cryoscopic behaviour was first clearly pointed out by the Swedish 
physicist Arrhenius in 1887. 

Svante August Arrhenius was born at Wyk, in the neigh- 
bourhood of Upsala, Sweden, in 1859. After studying for five 
years at the University of Upsala, Arrhenius proceeded to Stock- 
holm in 1881, where he carried out investigations more especially 
on the conduction of electricity by solutions, investigations 
which led him to conclude that the molecules of acids, when 
dissolved in water, undergo an extensive cleavage or dissociation 
into ions — the electrically charged particles which, according to 
Faraday, conduct the electric current through the solution. 
Since his views met with scornful rejection in Sweden, Arrhenius 
proceeded to Riga at the beginning of 1886 to continue Ms 
investigations in the laboratory of Wilhelm Ostwald, who soon 
after became Professor of Physical Chemistry in the University 
of Leipzig and the foremost teacher and expounder of this 
branch of science. Proceeding to the University of Wurzburg 
in 1886, in order to study under the physicist Friedrich Kohl- 
rausch, Arrhenius became acquainted with the work of vaMt 
Floff and of Raoult on osmotic pressure and on the freezing-point 
of solutions, and was thus led to link up the abnormal osmotic 
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behaviour of acids, alkalis and salts with their dissociation into 
electrically charged ions. Thus arose the theoi*y of electrolytic 
dissociation, the publication of which in 1887 marks the begin- 
ning of a new epoch in the development of our knowledge of 
electrically conducting solutions. 

In 1891, Arrhenius was appointed lecturer and afterwards 
Professor of Physics at the Technical High School, Stockholm, 
where also his administrative ability gained for him, at a later 
time, the honour of being three times elected Rector. While in 



Svante August Akehenius. 


Stockholm, Aridienius devoted himself not only to the investi- 
gation of many problems arising out of or suggested by the new 
theories of solutions, but also to the discussion of pi'oblems in 
cosmic physics and to the investigation of the relations between 
toxins and anti-toxins. His valuable contributions to science 
received world- wide recognition, and the Nobel Prize in Physics 
was awai’ded to him in 1903. In 1905, Arrhenius, after declining 
an invitation to Berlin, was appointed Director of the Nobel 
Institute at Stockholm, a post which he held until he died in 
October 1927. 
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A man of generous proportions, physically as well as mentally, 
Arrhenius was a welcome guest at meetings of scientific societies 
both in Europe and in America, and he endeared himself to all 
who met liim by his powers of conversation and his genial and 
kindly manner. 

Theory of Electrolytic Dissociation* — It has been men- 
tioned that even as early as 1884 Arrhenius had reached the 
conclusion that electrolytes in solution undergo a more or less 
extensive and spontaneous dissociation into positively and 
negatively charged ions. When, therefore, he found, from his 
study of the work of van’t Hoff and of Raoult, that the substances 
which in solution give abnormally large osmotic pressures and 
abnormally great depressions of the freezing-point, are just 
those substances which, in solution, conduct the electric current 
(electrolytes), there flashed into his mind the idea that the 
products of dissociation which, as we have seen, may be assumed 
in order to explain the abnormally great osmotic pressure and 
depression of the freezing-points shown by salts in solution, are 
none other than the positively and negatively charged ions of 
the electrolytes. These ions lead an independent existence in 
the solution, have their specific properties and reactions, and 
behave, therefore, as independent substances. 

The theory of electrolytic dissociation or ionisation enables 
one not only to explain the osmotic and cryoscopic behaviour 
of electrolytes in solution, but also to understand more clearly 
what is meant by an acid, an alkali and a salt. 

Definition of Acids, Alkalis and Salts. — ^When a salt 
undergoes electrolytic dissociation, or ionises, the metal forms 
the positively charged ion, the cation ; ^ and the acid part forms 
the negatively charged ion, the anion. Thus, for example, 
sodium chloride, NaCI, ionises into the positively charged cation, 
Na"^ (sodium ion), and the negatively charged anion, Cl“ 
(chloride ion). In general, therefore, a salt may he defined as a 
substance wliicli^ hi solution^ gives rise to positively charged and 
negatively charged ions. In the case of acids, hydrogen ion 
forms the cation, so that hydrochloric acid gives the ions H’ 
and Ch, a dot and a dash being used in place of the plus and 
minus sign respectively. Nitric acid, similarly, gives the ions 
H’ and NO 3 ' (nitrate ion). The only property, in fact, which 
acids have in common is that of giving rise to hydrogen ion ; and 

1 Prom the Greek Kara (kata), down, and lov (ion), wandering. The cation 
is the ion which moves downstream, as it were, in the direction of flow of positive 
electricity. The anion, on the other hand, is the ion which, as it were, moves up- 
stream (from lip), in the direction of flow of negative electricity. 
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it is to the presence of hydrogen ion that the so-called acid 
propei'ties are to he ascribed. acid is a, substance which hi 

solution gives rise to hydrogen ion^ and acid properties are the 
properties of hydrogen io7i. Dry tartaric acid or dry citric acid 
shows no acid properties. If brought into contact with dry 
litmus, the colour of the litmus is not affected ; or if mixed with 
dry sodium bicarbonate, there is no evolution of carbon dioxide. 
If the tartaric acid or citric acid is dissolved in water, however, 
ionisation takes place with production of hydrogen ions, and the 
solution now gives a red colour to litmus and causes an evolution 
of carbon dioxide when added to sodium bicarbonate. 

In the case of alkalis, e,g, sodium hydroxide (NaOH), the 
anion is formed by the hydroxyl group, giving the ion, OH', 
called hydroxide ion. That is to say, NaOH ionises with for- 
mation of Na ‘ and OH' . Potassium hydroxide, calcium hydroxide 
and other alkalis also give rise to hydroxide ion, so that an alkali 
may be defined as a substance which in solution gives rise to 
hydroxide ion. It is to the presence of hydroxide ion in solution 
that the general properties of alkalis are due. 

From the definitions which have been given, it will be clear 
that the term salt,*’*’ in its wider meaning, includes acids and 
alkalis ; usually, however, it is applied only to those electrolytes 
which give rise neither to hydrogen ion nor to hydroxide ion. 

In what has so far been said, mention has been made only of 
those electrolytes a molecule of which is capable of yielding 
two and not more than two ions. A molecule of sodium sulphate, 
Na 2 S 04 , however, can give rise to three ions, namely, two sodium 
ions and one sulphate ion ; and since the solution of sodium 
sulphate, as a whole, is neither positively nor negatively charged, 
the amount of electricity associated with one sulphate ion must 
be equal to that associated with two sodium ions. The amount 
of electricity associated with 1 gram-ion (ionic weight in grams) 
or 23 grams of so diumion, is 96,540 coulombs ; and as this is 
the smallest amount of electricity associated with the gram-ionic 
weight of any substance, it is regarded as the unit charge and 
called ^faraday. Hence, the symbol of the sodium ion is written 
Na*, with only one plus sign or with one dot to represent one 
unit charge or one faraday, whereas the symbol of the sulphate 
ion is written with two negative signs or two dashes to represent 
two faradays. Thus, 804 "” or SO 4 ". 

The theory of electrolytic dissociation is one of the most 
important and far-reaching theories in physical and chemical 
science. Not only does it afford an explanation of the electrical 
properties (conductivity, etc.) of electrolytic solutions, but it 
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co-ordinates a large number of apparently isolated and discon- 
nected properties, sucli as osmotic pressure, depression of the 
freezing-point, elevation of the boiling-point, colour of salt 
solutions, and chemical and bio-chemical properties and reactions. 
When first published, the theory met with violent opposition — 
due to some extent to a misunderstanding of it — ^but now, 
although in a number of cases some extension, modification or 
re-interpretation of the theory is found to be necessary, the 
theory in its essentials is generally accepted as explaining the 
properties of electrolytic solutions. 

Degree of Ionisation. — Although, according to the theory 
of Arrhenius, the molecules of electrolytes spontaneously undergo 
ionisation in solution, it does not necessarily happen that all the 
molecules thus break up. How, then, can one determine the 
degree of ionisation or the fraction of the salt molecules which, 
in any given case, undergoes ionisation ? Various methods are 
available, but only one will be mentioned here. 

The depression of the freezing-point, Ave have seen, depends 
on the total concentration of the solute particles, i.e. the con- 
centration of un-ionised molecules plus ions. If, then, 1 gram- 
molecule of, say, sodium chloride is dissolved in 1 litre of w^ater, 
and if the fraction a of the salt undergoes ionisation, it is clear 
that there Avill be in solution (1 — a) gram-molecule of un-ionised 
molecules and 2a gram-molecules of ions, because each molecule 
on ionising gives two ions. The total amount of solute particles 
Avill therefore be (l~a)-h2a, or (1+a) gram-molecules. Owing 
to ionisation, therefore, there Avill be an increase in the number 
of solute particles from 1 gram-molecule to (1+a) gram-mole- 
cules, and, consequently, the actual depression of the freezing- 
point (Aactuai) greater than the theoretical depression 

(Atiieoreticai)^ depression which one would obtain 

if no ionisation took place, in the ratio (1+a) : 1. Or, 

— Thus, it was pointed* out (p. 248) that a 

solution of sodium chloride containing 0-20 gram-molecule of 
salt in 1 litre of solution, freezes at — 0*693^ C., whereas the 

0*893 

theoretical freezing-point is — 0'3T2 . Therefore, '863 

=l-(-a ; or, the degree of ionisation, a, is equal to 0-863. In 
this particular solution, 86-3 per cent, of the sodium cUoride 
molecules undergo ionisation. The extent to which ionisation 
takes place, or becomes effective, increases with the dilution. 

In the case of an electrolyte which can give rise only to two 
ions, the depression of the freezing-point cannot be more than 
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twice as great as that which would he given hy an equiniolecular 
solution of a non-electrolyte ; and in the case of an electrolyte 
which can give rise to three ions {p.g. Na 2 S 04 ), the depression 
cannot exceed three times the normal. 

Although comparatively small differences are found in the 
degree of ionisation of different salts in moderately dilute solution, 
the extent to which acids and alkalis may undergo ionisation 
may vary enormously. Whereas, in the case, say, of hydro- 
chloric acid, nitric acid, sodium hydroxide, etc., ionisation is 
almost complete in dilute solution, the degree of ionisation in 
other cases may be only a small fraction of 1 per cent. In 
solutions of equivalent concentration, therefore, the concentra- 
tion of hydrogen ion or of hydroxide ion, and, consequently, 
the acid or alkaline properties of the solutions, may vary greatly. 
It is customary, therefore, to distinguish between strong electro- 
lytes and weak electrolytes, strojig acids and loeak acids, stro 7 ig 
alkalis and weak alkalis ; strong electrolytes being such as 
undergo ionisation to a large extent, and weak electrolytes being 
such as undergo ionisation only to a slight extent. 



CHAPTER XVII 

KI.ECTRICITY AND CHEMISTRY 

Birth and Early Development of - Electro-chemistry. — In a 

previous chapter it was sought to point out and to emphasise 
that a chemical reaction must no longer be considered as involving 
merely a transformation of material but also a flow of energy ; 
and it was al§o claimed that one of the chief characteristics of 
the scientific advance during the past hundred years has been 
the manner in which and the extent to which the different forms 
of energy have been transformed and utilised. In our study of 
the subject of combustion we had a glimpse into that branch of 
science, thermo-chemistry, which deals \vith the relations which 
exist between chemical energy and heat energy ; and in the 
present chapter there will be discussed the relations which obtain 
between chemical energy and that other form of energy, the 
utilisation of wliich is so notable a feature of the past fifty 
years, electrical energy. 

The birth of electro-chemistry, as this twin branch of science 
which deals with the relations between electricity and chemistry 
is called, may be dated from the time when, in 1791, Luigi 
Galvani (1737—1798), Professor of Anatomy in his native town 
of Bologna, observed the convulsive twitching of the muscle of 
a freshly dissected hog, each time the muscle and nerve were 
connected by two different metals. ^ It was a humble birth, 
surely, for a science which has revolutionised the world, which 
has made practicable the telegraph and the telephone, and has 
supplied mankind with many materials both of ornament and 
of use. 

If it is to Galvani that, we owe the observation in which 
electro-chemistry found its birth, it is to his fellow-countryman, 
Alessakdho Volta ^ (1745—1827), Professor of Natural Philo- 

^ The well-known prickling sensation and. acid taste which are experienced 
wheA the tongue is touched by two different metals which are also in contact with 
each other, was first observed, about 1750, by a teacher of mathematics in Berlin, 
Johann Georg Sulzer. 

2 The intimate connection of Volta with electiieity is held in lemembrance by 
the use of the term volt as the unit of pressure (or voltage) of an electric current. 

257 K 
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sopliy in tlie University of Pavia, that the science owes its further 
development. Rightly interpreting the muscular contraction of 
the frog’s leg as being due to the current of electricity which is 
produced whenever contact is made between two different metals 
separated from each other by a liquid conductor, Volta con- 
structed an apparatus whereby a continuous current of electricity 
could be obtained through the transformation of chemical energy 
into electrical energy. When a strip of silver or of copper and a 
strip of zinc are partially immersed in a solution of sulphuric 
acid, Volta found that on connecting the free ends of the metals 
by means of a conducting wire, a current of electricity is obtained. 
By connecting a number of such cells together, so that the copper 
or silver plate of one was joined to the zinc plate of the next, 
Volta built up a battery — ^the famous couronne de t asses, or crown 
of cups — with which effects of the most notable character were 
obtained ; and the voltaic cell, as it was called, was the scientific 
sensation and curiosity of the end of the eighteenth and the 
beginning of the nineteenth century. Cells of a similar but more 
efficient character were constructed by others, and the effect of 
the electric current was tried on a great variety of substances. 
In 1800, the first definitely and clearly recognised case of the 
decomposition of a chemical compound with the help of the 
electric current, was observed by Sir Anthony Carlisle (1768- 
1840), Professor of Anatomy to the Royal Academy in London, 
and William Nicholson i (1753-1815), who found that when an 
electric current is passed through water, hydrogen is evolved at 
one electrode and oxygen at the other. 

It was, however, at the Royal Institution, London, that the 
chemical effects produced by the electric current were most 
fully investigated, with the result that, under the guiding 
genius of Sir Humphry Davy, the alkali metals, sodium and 
potassium, were isolated for the first time in 1807, by passing 
a current of electricity through molten caustic soda and molten 
caustic potash. 

Such was the beginning of man’s triumphant success in trans- 
forming chemical into electrical and electrical into chemical 
energy ; and just as in the seventeenth century, science first 
began to burst into a wonderful blossom and “ poets sang with 
emulous fervour the approach of the Golden Age,” so the 
invention of the voltaic cell, the isolation of the alkali metals 
and the rapid development of physical science, which took place 

^ Nicholson, who founded the scientific periodical, ISfichohon's Journal^ was, 
at different times, an official of the East India Company, a traveller for the firm of 
Wedgwood, a school teacher and a civil engineer. 
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in the early part of the nineteenth century, led to extravagant 
views as to what might be accomplished, even to realising, 
as Faraday conceived possible^ the once absurd notion of 
transmutation.’^ 

Important as were the results obtained by the use of the 
voltaic cells, when regarded from the purely scientific point of 
view, the cost of working the cells was very considerable, and it 
was not, therefore, until the introduction of the dynamo (made 
possible by the scientific researches of Faraday), that the 
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industrial application of electricity became practicable. By 
means of the dynamo it has now become possible to obtain a 
cheap supply of electrical energy, and the couronne de tasses of 
Volta has been replaced by multitudes of humming dynamos ; 
and in place of the few^ globules of metallic sodium which Sir 
Humphry Davy succeeded, with much difficulty, in isolating, 
that and many other substances are now produced by hundreds 
and thousands of tons in the electro-chernical factories of the 
world - 

Humphry Davy, who first gave to electro-chemistry a solid 
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experimental foundation, was born at Penzance in Cornwall on 
December ITth, 1778. Owing to the death of his father and the 
necessity of earning a living, Davy, at the age of 16, became 
apprenticed to a surgeon-apothecary in his native town. In 
1798, however, having become greatly interested in the study of 
chemistry through reading a translation of Lavoisier'^s Elements 
de Chimie^ Davy accepted the post of Superintendent of the 
Pneumatic Institution — an hospital for patients, a laboratory 
for experimental research and a theatre for lecturing — which 
had just been founded at Clifton, near Bristol, by a Dr. Thomas 
Beddoes, for the study of the physiological properties of gases. 
Here, Davy laid the foundation of his reputation by his dis- 
covery of the intoxicating and anaesthetic properties of nitrous 
oxide (or laughing gas a gas discovered in, or before, 1772 
by Priestley. Some years later, in 1801, recognised as a man of 
exceptional gifts and scientific ability, Davy was appointed 
lecture-assistant and, later. Professor of Chemistry at the Royal 
Institution, London, an institution founded in 1799, and intended 
to interest the aristocracy and fashionable society of London 
in science. 1 

While at the Royal Institution, Davy carried out investi- 
gations in electro-chemistry, which established his reputation 
as one of the most brilliant chemists of his time ; and he demon- 
strated, also, that chlorine — discovered by Scheele in 1774 and 
called by Lavoisier oxy-muriatic acid — is an element and not a 
compound. 

In 1813, Davy resigned his professorship at the Royal Insti- 
tution, and, accompanied by Lady Davy and by his , assistant, 
Michael Faraday, spent two years travelling in Europe. He 
took with him, however, a commodious, portable apparatus 
ivith which, during his stay in Paris and elsewhere, he carried out 
chemical investigations, including an investigation of the 
properties of the recently discovered element iodine. Returning 
to England in 1815, Davy investigated explosions of fire-damp 
in coal mines, and was thereby led to the invention of the miner “"s 
safety lamp (p. 170). During the remaining years of his life, he 
devoted himself mainly to work of public utility. 

A brilliant conversationalist, Davy had a keen intellect and 

^ The Royal Institution was founded by Count Rumford, who, before being 
created a Count of the Holy Roman Empire by the Elector Palatine of Bavaria, 
bore the name of Benjamin Thompson. Born in the State of Massachusetts in 
1753, Thompson's royalist views led him to retire from the regiment of militia 
which he had entered and to come to England in 1776, where he became a Civil 
servant and engaged in scientific pursuits. At a later date he married the widow 
of Lavoisier. He died in 1814. 
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a sensitive and poetic teniperament. He was a facile and pleasing 
versifier, althougli doubtless the opinion of the poet Coleridge 
that if Da\y had not been the first Chemist, he would have 
been the first Poet of liis was biassed by an over-enthusiastic 

affection. He was also an exceptionally expert experimentalist 
and an attractive lecturer, and the fashionable society of London 
attended his discourses in large numbers. Raised by his genius 
and good fortune, vrith almost meteoric swiftness^ from com- 
paratively poor surroundings to a position among the most 
famous scientific discoverers of the day and introduced into a 
fashionable society which lionised him, it is perhaps not altogether 
to be wondered at that the quondam surgeon-apothecary’s 
apprentice developed a somewhat haughty and superior manner, 
and posed as the ‘‘‘‘ grand seigneur and man of the world. 

In 1812, Davy received the honour of knighthood and in 
1818 he was created a baronet — an exceptionally high honour 
at that time for a man of science ; and for seven years, 1820— 
1827, he was elected President of the Royal Society, of which 
he had been elected a Fellow in 1803. In 1826 his health began 
seriously to decline, and on May 29th, 1829, he died at Geneva, 
where, in the Protestant cemetery of Plainpalais, he was 
buried. 

If it was Sir Humphry Davy who laid the experimental 
foundation of electro-chemistry, it is to his more famous assistant 
and successor at the Royal Institution, Michael Faraday, that 
we owe the discovery of the laws of electrolysis and of magneto- 
electric induction which have made possible the modern develop- 
ment of electro-chemical industry. 

Michael Faraday was born at Ne\vington Butts (now incor- 
porated in the south-eastern district of London), on September 
22nd, 1791. Son of a blacksmith and reared in an atmosphere 
of penury, Faraday, at the age of thirteen, became errand boy to 
a bookseller and bookbinder in London, and a year later, book- 
binder’s apprentice. Even at this early age his mind was alert, 
eager, original, enquiring ; and although his schooling had 
taught him merely the rudiments of reading, writing and arith- 
metic, he devoured with avidity the books which in the course 
of his work as a bookbinder, passed through his hands. And 
so it came about that the chance reading of Mrs. Marcet’s 
Cofwersatiom on Chemistry and of an article on electricity in the 
Encyclopcedia Britannica^ turned the thoughts of the young book- 
binder to science and shaped the future course of his life. Do not 
suppose,” he wrote in after life, that I was a very deep thinker, 
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or was marked as a precocious person. I was a very lively, 
imaginative person, and could believe in the Arabian Nights as 
easily as in the Encyclopwdia. But facts were important to me, 
and saved me.'"*’ In these concluding words we have expressed 
the guiding principle of Faraday’s life. He had an intense 
dislike of doubtful knowledge,” and would not rest content 
until hypotheses and speculations had been put to the actual 
test of experiment. 



Michael Faraday. 

Reproduced from>he portrait bp Blaikley by permission of the Royal Society. 

Finding the lure of science irresistible, Faraday wrote to 
Sir Flumphry Davy, some of whose lectures he had attended, 
and expressed his desire to enter into the service of science ; and 
in 1813, Davy made him his laboratory assistant at the Royal 
Institution. There, Faraday received his first systematic train- 
ing and there, also, he passed the whole of his scientific life, 
occupying successively the posts of Superintendent of the house 
and laboratory (1821), Director of the Laboratory (1825), and 
Professor of Chemistry (1827). Through his work at the 
Royal Institution, Faraday came to be acknowledged as the 
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foremost investigator in physical science of his time and one 
of the most attractive lecturers. 

Faraday'^s first important scientific work was the liquefaction. 



Faraday lectuethg before the Prikge Consort at the Royal Institution, December 27 , 1855 . 
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in 1823, of chlorine and of other gases which hitherto had been 
regarded as non-liquefiable (p. 120); and in 1825, he discovered 
the substance benzene, which is now so extensively employed 
both as a constituent of motor fuel and in chemical iiianufacture. 
Important, however, as were the purely chemical investigations 
carried out by Faraday, it is on his investigations and dis- 
coveries in the domain of physical-chemistry and of physics 
that his fame mainly rests — on his researches on voltaic and 
frictional electricity, on the magnetic rotation of the plane of 
polarised light, on the electrolytic decomposition of solutions, 
and, more especially, on his discovery of electric induction and 
magneto-electric induction. 

In 1824, Faraday was elected a Fellow of the Royal Society, 
and, in later years, the honours of the world- wide realm of science 
and learning, the honours of Universities and learned Societies, 
were heaped upon him in greater measure than on any other 
scientific worker. In spite of this, however, Faraday retained 
the simplicity of character, the deep religious feeling and the 
comparative indifference to rank, wealth and the attractions 
of society, which had marked his early life. The impelling force 
in the life of Faraday was the desire to know, not merely to acquire 
an understanding of what was already known, but to extend the 
boundaries of knowledge ; and when, on August 25th, 1867, 
his life came quietly to an end m the house on Hampton Court 
Green granted to him by Queen Victoria, it could be said of him : 

His was the glory of holding aloft among the nations the 
scientific name of Fmgland for a period of forty years. 

Mechanism of Electrolysis. — During a great part of last 
century there was much discussion as to the way in which the 
electric current was conveyed through a solution, and it was 
only in 1886 that a satisfactory explanation of the constitution 
of electrolytic solutions and of the mechanism of electrolysis 
was given by the Swedish physicist, Svante Arrhenius. Instead 
\of assuming, as Faraday did, that the molecules of an electrolyte 
Vire broken up by the electric current — a view which has since 
been shown to be incorrect — Arrhenius assumed that the 
molecules of an electrolyte when dissolved in water, dissociate 
or ionise of their ow?i accord^ and the part-molecules which are 
formed are the electrically charged ions. In the light of this 
hypothesis, the fact that addition of sodium chloride, or of any 
other salt, acid or alkali to water, yields a solution which conducts 
the electric current, becomes readily intelligible. These solu- 
tions, according to the hypothesis, contain free, positively 
charged catio7is^ and free, negatively charged anions. When, 
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thei^efore, two electrodes are placed in the solution of an elec- 
trolyte and connected with an electric battery, the positively 
charged electrode (the anode) attracts the negatively charged 
ions, the ayiions ; and the negatively charged electrode (the 
cathode) attracts the positively charged ions, the cations. These 
anions and cations move in opposite directions through the 
solution, and give up their charges at the electrodes ; they trans- 
port or convey the electricity through the solution, and it is 
this movement or procession of 

electrically charged particles that — ^ 

constitutes what is called the electric IZX— f _ ^ 

current in the solution. 

This explanation of the passage 
of a current through a solution is A 

not a mere speculation, not a mere ^ 

phantasy, for it is easy to demon- hfzFh: 

strate not only that there is a TTyyv g 

movement of the ions tlirough the F 

solution, but also that the ions c 

move with different velocities. There 
is a pretty experiment, devised by 
A. A. Noyes and A. A. Blanchard, 
by which one can make this clear. £ 

Into the bend of a (J -shaped tube 
(Fig. 54) is placed a solution of 

potassium chloride to which suffi- ^ Q 

cient gelatin has been added to — 

make the liquid set to a j elly ; and 

the solution is coloured red by the 

addition of a substance called V y 

phenolphthalein and a little alkali. \ ^ ^ j 

(Phenolphthalein is a colourless \ / 

substance which yields a deep-red 

colour with alkalis, or solutions con- 54.-Migration of ions, 

taining hydroxide ions ; and the red 

colour is again destroyed by addition of acids, or solutions 
containing hydrogen ions.) After the solution in the bend of 
the tube has set, a further quantity of the same coloured 
solution is poured into one limb of the tube (D), while into the 
other limb (E) is poured the same solution after it has been 
decolorised by the addition of the requisite amount of acid. 

Above tliis colourless layer of gelatin is placed a quantity 
of a mixed solution of caustic potash (potassium hydroxide) and 
potassium chloride (G), while in the other limb of the tube is 


Eig. 54. — ^Migration of ions. 
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placed a mixed solution of lij^drocHoric acid and copper chloride 
(A). An electric current is now passed through the solutions in 
the tube, by placing a wire, connected with the positive pole of 
the battery, in the solution of hydrochloric acid and copper 
chloride, and a wire, connected with the negative pole of the 
battery, in the solution of caustic potash and potassium chloride. 
After the current has passed for some time it is found that the 
hydrogen ions (from the hydrochloric acid), moving from the 
positive towards the negative electrode, have decolorised the 
reddened phenolphthalein, and have produced, therefore, a 
colourless band (C) of a certain depth. The blue-coloured copper 
ions (from the copper chloride), which move in the same direction 
as the hydrogen ions but with a slower speed, follow on into the 
colourless band produced by the hydrogen ions, and give a blue 
colour to the gelatin (B). In the other limb of the tube, the 
hydroxide ions (from the caustic potash), moving from the 
negative to the positive electrode, pass into the colourless 
gelatin and produce with the phenolphthalein there a band of 
red (F). This band is deeper than the band produced by 
the copper ions, but not so deep as that produced by the hydrogen 
ions, from which it may be concluded that the hydrogen ions 
move faster than the hydroxide ions, and the latter faster than 
the copper ions. 

It should be borne in mind, however, that it is not only when 
in a state of solution that an electrolyte conducts the electric 
current ; it conducts also when fused, or converted into the 
liquid state by heat. One may conclude, therefore, that an 
electroljrte, when fused, dissociates into ions, and that the 
mechanism of electrolysis is essentially the same in the case of 
a fused electrol 3 i:e as in the case of an electrolyte in solution. 
On this fact depends, as will be learned more fully later, the 
industrial production of such metals as sodium and aluminium. 

When the electric current is passed through a solution, the 
positively charged cations — hydrogen ion of acids and metal 
ions of salts — are discharged at the cathode, while the negatively 
charged anions — hydroxide ion of alkalis and acid radicles of 
salts — are discharged at the anode. In many cases, the primary 
products of electrolysis which are formed when the ions lose 
their electric charge, may give rise to secondary products, through 
decomposition or through interaction with the electrodes or 
with the solution. Thus, when a solution of sodium sulphate is 
electrolysed, the sodium atoms liberated at the cathode react 
with the water to form hydrogen and a solution of sodium 
hydroxide : 2Na+2H20=2NaOH+H2. Similarly, when the 
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sulphate ion, 804 '', is discharged at the anode, reaction with 
water gives rise to sulphuric acid and oxygen ; 2 SO 4 + 2 H 2 O 

= 2 H 2 S 04 +C) 2 * hj^'drogen and oxygen, therefore, which 

are produced by the electrolysis of a dilute aqueous solution of a 
salt, are not primary but secondary products of electrolysis. 

Laws of Electrolysis- — The theory of ionisation in solution 
enables one not only to understand the mechanism of electrolysis, 
but also the laws of electrolysis, which were discovered experi- 
mentally by Faraday and are generally known as Faraday‘’s 
laws. Faraday'^s First Law states : When an electrolyte is 
decomposed by the electric current, the amount of decomposition 
is proportional to the quantity of electricity which flows through 
the solution. This law follows at once from the theory of 
Arrhenius, according to which each ion carries a certain charge 
or amount of electricity. A given weight of the ion is, therefore, 
associated with a definite amount of electricity. Double the 
weight of that ion ivill therefore be associated with double the 
amount of electricity, and, consequently, the amount of electricity 
which is conveyed by the ions through the solution will be pro- 
portional to the weight of the ions discharged at the electrode ; 
or, the amount of electricity will be proportional to the amount 
of electrolyte decomposed. It is on the basis of this law that 
voltameters or coulommeters^ i.e. instruments for measuring the 
amount of electricity or the number of units, coulombs^ of elec- 
tricity which pass through a circuit, are constructed. 

Fab,aday'’s Second Law states : When the same current (or 
the same amount of electricity') is passed through solutions of 
diff^erent electrolytes^ the weights of ions discharged are in the 
ratio of their chemical equivalents ; the equivalent being given 
by the ionic weight divided by the valency of the ion. Thus, 
if the same amount of electricity is passed through solutions of 
sulphuric acid, silver nitrate and copper sulphate, the weights 
of hydrogen, silver and copper respectively which are liberated 
at the cathodes of the electrolytic cells, will be in the ratio 

1 : 108 : — - (The atomic or ionic weights of hydrogen, silver 

and copper are here taken as 1, 108 and 63*6 respectively.) One 
can therefore say : One gram-equivalent of any ion is associated 
with a definite amount of electricity — the amount being, as we 
have seen, 1 faraday or 96,540 coulombs ; and in order that 
1 gram-equivalent of an ion (any ion) may be discharged at an 
electrode, this unit amount of electricity, 1 faraday, must be 
passed through the solution. In writing the symbols of the 
ions, each positive or negative sign (or each dot and dash) 
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represents 1 faraday or 96,540 coulombs of electricity. One can, 
therefore, at once calculate the weight of an ion which will be 
deposited by a given amount of electricity, the weight deposited 
by 1 coulomb being known as the electro-chemical equivalent of the 
ion. 

Voltaic Cells. — Not only does the theory of Arrhenius afford 
an explanation of the process of electrolysis whereby electrical 
energy is transformed into chemical energy, or the potential 
energy of chemically reactive substances, but it helps us also to 
understand the reverse process of the transformation of chemical 
energy into electrical energy, as it occurs in the different voltaic 
cells. 

One of the simplest of the voltaic cells is that known as the 
Daniell cell,i which consists of an electrode of copper immersed 

in a solution of copper sulphate, 
and an electrode of zinc immersed 
in a solution of zinc sulphate. The 
latter solution is contained in a 
porous pot which prevents the mix- 
ing of the two solutions (Fig. 55). 
When the copper electrode and the 
zinc electrode are connected by means 
of a conductor, an electric current 
flows through this conductor from 
the copper to the zinc. Moreover, 
if an electric motor, for example, is 
inserted in the circuit, it will be 
caused to rotate, and so mechanical 
work can be done. What, then, is 
the source of this supply of energy 
which, either in the form of electrical 
energy, or in the form of the me- 
chanical energy into which it is 
transformed, is given out by the Daniell cell ? 

When a strip of zinc is immersed in a solution of copper 
sulphate, copper is deposited on the zinc, and at the same time 
an equivalent amount of zinc passes into solution. The chemical 
process which takes place may therefore be represented by the 
equation : 

Zn - CUSO 4 = ZnS 04 -f- Cu 
Zinc. Copper sulphate. Zinc sulphate. opp^r. 



^ Invented, in 1836, by John Frederic Daniell (1790-1845), Professor of 
Chemistry at King’s College, London. 
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Or, since, according to tlie theory of Arrhenius, the copper 
sulphate and the zinc sulphate are ionised in solution, and since 
the sulphate ions remain unchanged in solution, the essential 
nature of the process will be represented by the equation : 

Zn ~j~ Cu** =:=: Zll’* -|- Cu 

Zinc. Copper ion. Zinc ion. Copper. 

Tins is a reaction which takes place spontaneously ; that is, 
zinc and copper sulphate represent a system with a certain amount 
of potential energy, and it is capable, therefore, of doing work 
or of yielding energy. How, then, can one Secure the transforma- 
tion of the chemical energy into electrical energy ? The answer is ; 
By so arranging matters that the change represented by the above 
equation takes place by means of the electrically charged particles, 
the ions, which are formed when a salt is dissolved in water. 

When a copper plate is immersed in a solution of copper 
sulphate, it becomes positively charged relatively to the solu- 
tion, because (so it is assumed) copper ions (in unweighable 
amount) take up electrons from the metal and become neutral 
atoms of copper. On the other hand, when zinc is immersed in 
a solution of zinc sulphate, the metal readily gives up electrons 
and passes into solution (also in unweighable amount) as posi- 
tively charged zinc ions. The zinc electrode, therefore, becomes 
negatively charged relatively to the solution. Consequently, 
when the two electrodes are connected by means of a metallic 
conductor, there is a flow of negative electrons through the 
conductor ^ from the electrode with excess of electrons (the zinc 
electrode), to the positively charged electrode or electrode with 
a defect of electrons (the copper electrode). In other words, a 
current of negative electricity flows through the conductor from 
the zinc to the copper electrode As the electrons arrive at the 
copper electrode, they are taken up by the copper ions in the solu- 
tion, and the neutral copper atoms Avhich are thereby formed are 
deposited as metallic copper on the electrode. On the other hand, 
in proportion as the electrons flow away from the zinc electrode, 
zinc passes into solution as zinc ions ; and so the flow of electricity 
continues. In the voltaic cell, therefore, just as when zinc is 
immersed in a solution of copper sulphate, so copper passes out 
of solution to form metallic copper, and at the same time an 
equivalent amount of zinc passes into solution. Instead, how- 
ever, of the reaction between zinc and copper sulphate taking 
place at one point by direct contact, whereby the chemical energy 
is converted into heat, the reaction in the Daniell cell takes place 

^ In metallic conductors, electricity is carried only by electrons. 
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in two parts, at the two electrodes, and the cheinica] energy now 
appears in the form of electrical energy. 

Although in a metallic conductor the electricity is carried 
only in one direction by the negatively charged electrons, in 
solutions the electricity is carried by both the cations and the 
anions. In the Daniell cell, for instance, the copper ions move 
towards the copper electrode, ivhereas the sulphate ions move 
towards the zinc electi'ode in order to balance the positive elec- 
tricity carried into the solution by the zinc ions. 

Although of interest from the theoretical point of view^, the 
Daniell cell is less convenient than others, and is not now in 
general use. 

A better-known cell, wddely employed for working telephones 
and electric bells, is the Leclanche cell i (Fig- 56). This very 

simple cell consists of a vessel 
containing a solution of sal- 
ammoniac (ammoniam chloride), 
in which is immersed a zinc rod 
which acts as the negative pole 
of the cell. Standing in the 
vessel of sal-ammoniac is a 
porous pot in which there is 
a graphite plate packed round 
with granules of graphite and 
black oxide of manganese (man- 
ganese dioxide). The porous pot 
also contains a solution of sal- 
ammoniac, and the graphite 
plate acts as the positive pole 
of the cell. When the cell is in 
use, zinc passes into solution, while the hydrogen which is 
produced at the graphite plate is oxidised to water by the oxide 
of manganese, and so is prevented from forming a non-conducting 
layer on the electrode, and thereby stopping the current.^ The 
electrode is thereby depolarised ’’ as it is said. When the 
cell becomes exhausted, its activity can be renewed by replacing 
the spent liquid by a fresh solution of sal-ammoniac. 

The Leclanche type of cell has, in recent years, passed into 

^ Invented by the French physicist Georges Leclanch6 in 1868. 

® The ammonium, chloride in solution gives rise to ammonium ions (consisting 
the positively charged group of atoms NH^), and to chloride ions or negatively 
charged chlorine atoms. When the cell is in action, the zinc passes into solution 
as zinc ions ; and the ammonium ions move to the graphite pole and there lose 
their positive charge by combining with electrons. The discharged ammonium 
ions then react with the water to form ammonium hydroxide and hydrogen. 
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Fig. 56. — ^Leclanche cell. 
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world- wide use owing to its modification to form the common dry 
cell of to-day. In this cell ’’ there is a zinc container which 
also acts as the negative pole of the cell, and inside tins is placed 
the graphite plate or rod with its depolariser packing, the latter 
being separated from the zinc container by a layer of paper which, 
as well as the wdiole contents of the cell, is soaked with a solution 
of sal-ammoniac (Fig. 57). Sometimes the grapliite rod and 
depolariser are separated 
from the zinc container by 
a paste made from flour and 
a solution of sal-ammoniac. 

Hundreds of millions of such 
dry cells are now in use for 
flashlight lamps, bells, tele- 
phones, radio-batteries, etc. 

Just as the energy of 
falling water depends not 
only on the amount of water 
but also on the height through 
which 'it falls, so the elec- 
trical energy given out by a 
voltaic cell depends not only 
on the amount of electricity 
(measured in coulombs) but 
also on the electromotive force (e.m.f.) of the cell, or what is 
sometimes called the voltage or electrical pressure ; the energy 
being equal to the product of the e.m.f. and the amount of 
electricity, ix. volts X coulombs. The electrical energy of 1 
volt-coulomb is equivalent to 0*24 calorie. The e.m.f, of the 
Daniell cell is 1*07 volt, and that of the Leclanche cell, about 
1*5 volt. 

Although, as has been said, the much more efficient dynamo 
has superseded the voltaic cell as a source of electricity for 
industrial purposes, there is one cell which occupies an important 
place as an auxiliary to the dynamo. This is the lead accumu- 
lator, or storage cell. This cell consists of plates of lead and of 
lead peroxide (Pb 02)5 immersed in a solution of sulphuric acid, 
of specific gravity about 1*2. On joining these two sets of plates 
by means of a conductor, a current of electricity flows through 
the conductor from the lead peroxide plates to the lead platesJ 

^ Confusion is apt to arise here. The direction of flow of electricity can be 
detected only by its effect, say, on a magnet, and, traditionally, the direction of a 
current has been defined as the direction in which positive electricity would have 
to flow in order to deflect a magnet in a particular way. In the case of a metallic 
conductor, however, it is now known that the electricity is carried only by 
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The chemical reaction, the energy of which is transformed into 
electrical energy, is the conversion of the lead and lead peroxide 
into lead sulphate, as shown by the equation : 

Pb + PbO. + 2H2SO4 ^ 2 PbS 04 2H2O 

Lead. Lead Sxilpliuric Lead Water, 

peroxide. acid. sulphate. 

When this reaction has taken place, no more electricity is given 
out : the cell is run down or discharged."’ Since the 
process of discharge is, as the equation shows, accompanied by 
the production of water, the sulphuric acid in the cell becomes 
more dilute, or its specific gravity falls ; and, therefore, one can 
follow the process of discharge by determining the specific 
gravity of the acid by means of a hydrometer. 

The lead accumulator has the great advantage over the other 
voltaic cells mentioned, in that the discharged cell can readily 
be re-charged, by sending a current of electricity — obtained, 
say, from a dynamo — ^tlirough the cell in the opposite direction 
to that of the current which the cell itself gives. In this process, 
the sulphuric acid is electrolysed and the hydrogen ions, dis- 
charged at one electrode, convert the lead sulphate into lead 
and sulphuric acid : 

PbSO^ + H2 = Pb + H2SO4 

At the other electrode, the sulphate ions react with the lead 
sulphate and water to form lead peroxide and sulphuric acid : 

PbS04 -f SO4 + 2HoO = PbOo + 2H2SO4 

The electrodes are thereby transformed to their original state, 
with regeneration of sulphuric acid. During the process of 
charge, therefore, the specific gravity of the acid rises. The 
fully charged cell has an e.m.f. of about 2-2 volts. 

When all the lead sulphate has been destroyed and the cell 
is fully charged, continued passage of the electric current brings 
about an electrolysis of the water with evolution of hydrogen 
and oxygen. Gassing,"" as it is called, is therefore a sign that 
the cell is fully charged. 

In the manner just described, the electrical energy from the 
dynamo is converted into potential, chemical energy ; and in 
this form the energy is stored and is available for use just when 
and where it is required. This lead storage cell is one which 

negatively-charged electrons which, of course, travel in the opposite direction to 
that assumed for the flow of positive electricity. In the above case, positive 
electricity does not flow through the conductor from lead peroxide to lead, but 
rather, negative electricity flows from the lead plate to the lead peroxide. 
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has a multitude of uses, sucli as ghdng current for electric 
lighting on a large scale fas an auxiliary to the dynamo), or for 
the lighting of motor cars ; for energising the self-starter of 
motor cars or for driying cars and motor boats ; and for many 
other purposes where a readily transported supply of energy is 
desired. 

Electro -chemical Industries- — ^The application of electricity 
to chemical manufactures has produced an industrial revolution. 
Not only have electro-chemical processes more or less completely 
displaced the older chemical methods employed for the manu- 
facture of such substances as caustic soda and of chlorine, or 
for the isolation of such metals as sodium, potassium, calcium, 
magnesium, and aluminium, but they have made possible also 
the discovery and economic production of many new substances 
of great value. 

One of the earliest industrial uses to which electricity was 
put was to the coating of cheaper vdth more expensive, or less 
resistant with more resistant metals, by a process known as 
electro-j^lating^ a process which has been largely used from 
'Before the middle of last century. At the present day the 
process is applied not only to the plating of the cheaper metals 
with silver and gold, for the production, for example, of relatively 
inexpensive table-ware and jewellery, but the electro-plating of 
lead alloys with copper (for ornamental purposes), and of iron 
or steel with brass, nickel, chromium and other metals, is very 
extensively carried out. Nickel, a metal much used on account 
of its white colour and its power of resisting atmospheric con- 
ditions without tarnishing, is more extensively applied in plating 
than any other metal, but the still harder and more resistant 
metal chromium is now displacing nickel for the plating of 
motor-car fittings — clamps, radiators, etc. — sanitary fittings, 
scientific apparatus, etc. 

In theory, the process of electroplating is comparatively simple, 
and consists in passing a current of electricity through a solution 
of a salt of the metal ivith which the article is to be plated, the 
article to be plated being made the cathode, while the anode con- 
sists of a plate of the metal which is to be deposited. The pro- 
cess, in fact, is one of electrolysis (p. 264). Simple, however, as 
the process may be in theory, knowledge and care are necessary 
if uniform plating of good quality is to be achieved, for the nature 
of the deposit, its colour, lustre, cohesion and other qualities 
are affected by the composition and concentration of the solution, 
as well as by its temperature, acidity, etc., and by the current 
density used. By current density is meant the strength of 
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current (amperes) per unit of area of the object to be plated. 
Increase of current density leads to the production of a spongj- 
and inferior deposit. 

Formerly, for the production of sodium hydroxide or caustic 
soda, a solution of sodium carbonate was boiled with slaked 
lime (calcium hydroxide). Double decomposition, as it is called, 
takes place with formation of calcium carbonate, which separates 
out in the solid state, and sodium hydroxide which remains in 
solution. The reaction is represented by the equation : 

Na^COg + Ca(OH)o = CaC 03 + 2NaOH 

Sodium Calcium Calcium Sodium 

carbonate. hydroxide. carbonate. hydroxide. 

Nowadays, however, this purely chemical process is being 
superseded to a considerable extent by an electrolytic process 
in which not only caustic soda but also chlorine and hydrogen 
are produced. When a solution of sodium chloride or common 
salt is electrolysed, chlorine is evolved at the anode while the 
sodium ions, discharged at the cathode, react with the water 
and yield hydrogen and a solution of sodium hydroxide. Many 
diiferent types of electrolytic cell have been invented for the 
industrial production of caustic soda and chlorine. When a 
pure caustic soda is desired, a large covered-in tank is employed, 
filled with a solution of sodium chloride in which are immersed 
graphite electrodes which serve as anodes. At these electrodes 
chlorine is evolved, and passes away through a pipe in the roof 
of the tank. Along the floor of the ceil mercury is allowed to 
flow in a slowly moving stream. This forms the cathode, and 
the sodium, which is liberated at the cathode, dissolves in the 
mercury. This solution of sodium in mercury flows out at the 
end of the tank and is treated with water. The sodium reacts 
with the water to form a solution of caustic soda and hydrogen, 
and the mercury is then passed through the cell again. 

When chlorine is the chief product of the electrolysis, the 
Nelson cell i (Fig. 58) is very extensively employed in America 
and elsewhere. In this cell, a perforated steel cathode is 
separated from the brine solution by a porous diaphragm of 
asbestos, and graphite anodes are immersed in the brine. When 
the ctxrrent is passed, chlorine is evolved at the anode and passes 
through a pipe in the slate roof of the cell, while sodium is 
liberated at the steel cathode. This sodium reacts with steam 
which is blown into the space around the cathode, and the 
hydrogen which is formed is collected and forms a valuable 

^ Invented by H. R. Nelson in 1914 . 
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by-product, while the solution of caustic soda drips down into 
a well from which it can be run off. This solution contains a 
considerable quantity also of sodium chloride, most of which, 
however, crystallises out, when the caustic soda is concentrated. 
In America, especially, large quantities of soda-lye (solution of 
caustic soda) are transported in tank waggons for use in the 
manufacture of soap, etc. 

Solid caustic soda is obtained from the solutions by 
evaporating off* the water, but in order to free it entirely from 
water, the caustic soda must be heated 


to a temperature above its melting- 
point. The molten caustic soda is then 
run into iron drums or into moulds in 
which it solidifies in the form of sticks. 
It forms a white crystalline, very hygro- 
scopic solid, which undergoes delique- 
scence when exposed to the air. 

Caustic soda is very soluble in water, 
and the solution has the soapy feeling 
characteristic of alkalis. 

By electrolysing a solution of potas 
sium chloride (KCl), the compound, 
potassium hydroxide (KOH), which is 
very similar in its properties to sodium 
hydroxide, is obtained. 

For the chlorine which is produced 
in the electrol 3 rtic process, there has 
developed an ever-widening range of 
application. Under ordinary condi- 
tions, chlorine is a greenish-yellow 
coloured gas ^ with a characteristic 
odour. It was first obtained by Scheele 
by heating hydrochloric acid with man- 



Fig. 58. — ^Nelson cell. 


A, steel tank ; B, asbestos 
diaphragm surrounded by a 
perforated steel cathode ; C, 
trough m which the solution 
of caustic soda collects ; D, 
tube through which the chlo- 
rine escapes ; E, graphite 
anode. 


ganese dioxide, and was first shown to be an element by Davy. 


When inhaled, even in small quantities, chlorine exerts an irri- 


tating and destructive action on the tissues of nose, throat and 
lungs, and it was the first poison gas to be used in the Great 
War. It is liquefied at the ordinary temperature by a pressure 
of about 6 atmospheres, and large quantities of liquid chlorine 
are now put on the market and transported in steel dylinders. 

The most important use to which chlorine is put is for 


bleaching various materials, such as wood-pulp, cotton, etc., 


^ Hence the name of the element, from the Greek (chloros), greenish- 

yellow. 
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for tlie manufacture of paper and textiles. This bleaching action 
depends on the fact that chlorine reacts with water to form 
hydrocldoric acid (HCl) and another acid known as hypochlorous 
acid (HOCl), thus : 

H2O + CI2 = HCl + HOCl 

The hypochlorous acid so formed, acts as a powerful oxidising 
agent because of the readiness with wliich it gives up oxygen. 
Oxidisable organic dyes, therefore, are oxidised by hypochlorous 
acid to colourless compounds ; that is, they are bleached. 

For convenience of transport, much of the chlorine which is 
produced is passed over slaked lime, which reacts with the chlorine 
and gives rise to bleacJimg powder, or chloride of lime, as it is 
popularly called. The essential constituent of bleaching 
powder (which also contains excess of slaked lime) is a com- 
pound known as calcium chlorohypoclilorite, the above reaction 
taking place in accordance Avith the equation • 

Ca(OH)2 + CI2 = Ca(OCl)Cl -f H2O 

Calcium Chlorine. Calcium Water, 

hydroxide. chlorohypochlorite. 

Wten calcium chlorohypochlorite is dissolved in water, it 
yields the ions Ca", Cl' and OCl' ; and when an acid, e.g, sul- 
phuric acid (H2SO4), is added, hydrogen ions unite with the 
hypochlorite ions (OCl') to form hypochlorous acid, which then 
exercises its oxidising (bleaching) action. 

If the electrolysis of sodium chloride is carried out in a 
simple, undivided cell, so that the chlorine formed at the anode 
has ready access to the sodium hydroxide formed at the cathode, 
the salt, sodium hypochlorite (NaOCl), is formed in the solution. 
The solution of this salt, which is akin to bleaching powder, has 
a powerful bleaching and antiseptic action. 

By electrolysing a hot solution of potassium chloride there 
is formed the white crystalline solt^ potassium chlorate (KCIO3), a 
salt first isolated by Berthollet about 1786 and used, not only in 
the manufacture of fireworks and explosives but also, to some 
extent, medicinally. It is also used, as has been pointed out, for 
the preparation of oxygen in small amounts. 

Although it is mainly for use as a bleaching agent that 
chlorine is manufactured, it is now also very widely employed 
for the sterilisation of water and as a disinfectant. It finds 
also very widespread application for the de-tinning of tinned 
cans and in the .manufacture of many chemical compounds, e.g. 
carbon tetrachloride, phosgene, etc. 

The hydrogen which is also produced during the electrolysis 
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of sodium cliloride, can be burnt in chlorine, and so give rise, by 
direct combination, to hydrogen chloride (HCl). This com- 
pound, a colourless gas at the ordinary temperature, dissolves 
very readily in water, 1 volume of water dissohdng about 500 
volumes of the gas. The solution of hydrogen chloride in water 
forms the important acid known as hydrochloric acid (muriatic 
acid ^ or spirit of salt). The hydrochloric acid produced syn- 
thetically by the direct combination of hydrogen and chlorine 
is very pure, and has displaced to a considerable extent the acid 
produced by the older chemical method — used doubtless by 



Glauber’s furnace for distillation and sublimation. 


JoHAKK Rudolf Glauber (1604-1668) in the seventeenth cen- 
tury — of heating sodium chloride with sulphuric acid : 

2NaCl + H 2 SO 4 = Na 2 S 04 -f 2HC1 

Sodium chloride. Sulphuric acid. Sodium sulphate. Hydrogen chloride. 

The Halogens. — Chlorine is the most important member of 
a family of four elements which are chemically closely related. 
These four elements are fluorine — first isolated in 1886 by Henri 
Moissan (1852-1907), at that time a Demonstrator at the Ecole 
de Pharmacia, Paris — chlorine, bromine^ and iodine.^ 

^ I’rom the Latin muria^hrme, 

^ So called because of its powerful odour, somewhat resembling that of chlorine, 
the name being derived from the Greek ^p&fjLos (Lromos), a stench. Bromine was 
discovered by the Erench chemist Antoine Jerdme Balard (1802—1876) in 1826. 

® So called because it forms a beautiful violet- coloured vapour, the name 
being derived from the Greek loetSij^ (ioeides), violet coloured. It was first 
isolated in 1812 by a Erench saltpetre manufacturer, Bernard Courtois (1777— 
1838). Its elementary character was established by Gay-Lussac. 
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Fluorine is a gas which is exceedingly active chemically. 
Its compound, vith hydrogen, hydrogen fluoride (HF), is used 
both in the gaseous foiTii and in solution (hydrofluoric acid) for 
etching glass. 

Bromine is a deep reddish-brown coloured liquid obtained 
from the salts (bromides) present in the great deposits near 
Stassfurt in Germany, and in the brine in the Saginaw Valley, 
Micliigan, U.S.A. It forms compounds similar to those formed 
by chlorine, e.g, hydrogen bromide (HBr), and potassium 
bromide (KBr), the last-mentioned salt being very largely 
employed for the production of silver bromide (AgBr), the light- 
sensitive salt of the photographic film. 

Iodine is a very dark violet-coloured crystalline solid, which 
is obtained in small quantities from the ash of sea-weed (kelp), 
but is mainly obtained from crude Chile saltpetre, in which it 
occurs as sodium iodate (NaI 03 ). It dissolves in alcohol to 
form a brown-coloured solution — ^tincture of iodine — used for 
sterilising wounds Traces of iodine can be detected by means 
of starch, with which it gives a deep blue colour. A complex 
compound of iodine — ihyroocine — ^is present in small amount in 
the thyroid gland, and is essential to healthy growth. The 
chemical nature of thyroxine was determined in 1927 by the 
EngHsh chemists, C. R. Harington, Clinical Chemist, University 
College Hospital, London, and G. Barger, Professor of Medical 
Chemistry, University of Edinburgh, who also succeeded in 
preparing it synthetically in the laboratory. 

The four chemically related elements, fluorine, chlorine, 
bromine and iodine, are known as the haIoge7is i or salt formers, 
because chlorine, the most important member of the group, 
gives rise to sodium chloride or common salt — salt par 
excellence. 

Although in the electrolysis of solutions of sodium chloride 
the hydrogen which is produced must be considered as a by- 
product, and is sometimes wasted, the electrolytic process is also 
extensively used for the primary production of pure hydrogen 
and oxygen. In this case, a solution of caustic soda is generally 
employed as an electrolyte. When the electric curre^nt is passed 
through this solution, hydrogen is liberated at the cathode, 
owing to the reaction of the discharged sodium ions with the 
water, and oxygen is liberated at the anode, the discharged 
hydroxide ions reacting to form water and oxygen ; 40H 

=2H20-f*02. The electrolytic production of hydrogen is carried 
out, more especially, in Italy, France and Spain, in localities 
Erod tile Greek oA? (hals), salt, and y^vdco (gennao), T produce. 
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where electrical energ}' is obtainable at a low cost, and is used 
for the synthetic production of ammonia, etc. 

In chemical industry, electrical energy is applied not only 
for the purpose of bringing about the decomposition of com- 
pounds, as in electrolysis, but also for the purpose of producing 
high temperatures. By means of the electric arc, for example, 
a temperature of about 3000° C. can, as has already been pointed 



les’ cell for the electrolytic production of hydrogen and oxygen. 


The electrodes. A, are separated by diaphragms of asbestos cloth, L, and are 
surmounted by metal boxes, B, in which the gases collect. From these boxes the 
gases pass by the pipes, J, to the off-take pipes, K. 

out, be obtained, and this has been made use of for the prepara- 
tion of phosphorus (p. 175), calcium carbide (p. 218) and other 
substances. The high temperatures which can now be produced 
economically by means of electricity have enabled chemists not 
only to advance to a fuller knowledge of substances and materials 
already known, but also to prepare others hitherto unknown. 

As' a direct result of the. successful application of electricity 
to the production of high temperatures, we owe the very valuable 
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material known as carborujidum, a compound of caibon and 
silicon, discovered bv the Anrerican chemist, Dr. Edward G. 
Acheson, in 1891 . By heating a mixture of coke (carbon) and 
sand (oxide of silicon) to a high temperature in an electric furnace 
(Fig. 59 ), oxygen is removed by the carbon from its combination 
with silicon," and the latter then combines with the excess carbon 



A core of granular graphite is raised to a white heat by a powerful current of 
electricity which passes between the graphite terminals, A and B. At the high 
temperature which is thereby produced, the carbon and sand of the surrounding 
mixture, C, react with formation of carborundum. 

to form the crystalline compound, carborundum (silicon 
carbide) ; 

SC + SiOs = SiC + SCO 

Carbon. Silica. Silicon carbide. Carbon monoxide. 

Carborundum, which has a hardness approaching that of the 
diamond, is now produced in large quantities and used as a 
grinding or abrasive material. By reason of its very refractory 
character (it will withstand a temperature of 2200 ° C., without 
undergoing change), it is also used for the protection of furnace 
walls and for other heat-resisting purposes. 

Another very valuable abrasive and refractory material of 
which mention may be made, is alundum (alumina or aluminium 
oxide, AI2O3), which is obtained by fusing purified bauxite 
(alumina) in an electric furnace. 



CHAPTER Xnil 

METALS AND THEIR PROPERTIES 

Metals in Antiquity. — The history of the development of 
human civilisation has frequently been divided into three ages 
or epochs — the^tone age, the bronze age and the iron age — 
according to the material most commonly and abundantly in 
use for the making of tools, implements and weapons of the 
chase or of defence. This view, which one hnds expressed by 
the ^vriters of antiquity, may be regarded either as purely con- 
jectural or as the expression of a fact retained, in legendary 
fashion, in the memory of the race. However that may be, it 
is a view which is in harmony with the findings of archaeology 
that, in the dawn of civilisation, fiint and stone were employed 
by primitive man for the fashioning of tools, weapons and 
other articles, at a time when, as yet, copper, bronze and iron 
were unknown. Aloreover, although it is not possible to fix 
with any degree of accuracy the dates at which the metals, 
copper and iron, were discovered, it is probable that copper and 
bronze were known and widely used for everyday purposes 
before man had learned how to extract iron from its ores and 
apply it to general use. This does not exclude the possibility, 
even the probability, that meteoric iron was known before 
that time — perhaps even as early as copper — and w^as used for 
--the making of beads and other articles of adornment. But 
whatever the truth may be regarding the sequence of the different 
ages,"*** there appears undoubtedly to have been much over- 
lapping, so that, among certain races, iron was in common use 
at a time when, among other races, bronze or even stone was 
still generally employed- At the present day, one may perhaps 
say that we are still in the iron age, although, certainly, other 
metals are, year by year, finding an ever-extending application. 

In Ancient Egypt, even before 1200 B.C., gold, silver, electriim 
(an alloy of gold and silver), copper, bronze, iron, lead, mercury, 
and, to some extent, antimony and tin, were known. Under 
the influence of Chaldean philosophy, the number of the metals 
was taken to be seven, and as they were thought to be alfected 
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y and to derive their properties from the sun aixd planetSj the 
ames of these were applied to the metals. As Chaucer wrote : i 

The bodies seven, eek, lo hem heer anoon : 

Sol gold is, and Luna silver we threpe ; 

Mars iren, Mercurie quyksilver we clepe ; 

Saturnus leed, and Juppiter is tjm, 

And Venus coper, by my fader kyn. 

Joreover, the astronomical signs used for the planets were 
mployed to represent the metals, as shown in the following 
ist : 


>retal. 

Planet 

Sign. 

Metal. 

Planet. 

Sign. 

Gold 

Sun 

O 

Lead 

Saturn 

h 

Silver 

Moon 

C 

Tin 

Jupiter 

% 

Copper 

Venus 

9 

Quicksilver 

Mercury 


Iron 

Mars 

6 





Traces of these old designations are still met with, e.g. lunar 
caustic (silver nitrate), but of the old names only one remains 
in use, namely, mercury. 

By the alchemists, metals were characterised as noble or 
hase^ according as they remained unchanged when heated in air 
(as in the case of gold and silver), or became oxidised and lost 
their metallic properties (as in the case of copper, lead, tin, etc.). 

What is a Metal ? — It has already been pointed out that 
chemists are wont to classify the elements into metals and non- 
metals ; and this grouping of the elements, although not always 
sharply defined, is at least convenient. Ordinarily, one thinks 
of a metal as being opaque and as showing, in the compact state, 
a lustre — ^the so-called metallic lustre. One thinks, also, of a 
metal as being a good or fairly good conductor of heat and 
electricity, and as being fusible, malleable and ductile. The 
alchemist, Jabir ibn Hayyan or Geber, in fact, gave as a definition 
of a metal : Metallum est corpus minerale fusibile et sub 

malleo ex omni dimensione extensibile.*’*' These physical pro- 
perties, however, serve by no means satisfactorily to define a 
metal or to distinguish it fi:om a non-metal ; for not only does 
one find, among the different metals, very great variation in 
dhe value of any particular property, but some elements, uni- 
versally regarded as non-metals, may show some at least of the 
properties which have just been mentioned as characterising 
the metals. Graphite, for example, is lustrous and a conductor 
of electricity. 

. If, however, one turns from the physical to the chemical 
properties, a sharper definition can be obtained. As has already 

^ CaTwrCs YeomarCs Tale, 
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been pointed outy sulphur, phosphorus and carbon — substances 
which are regarded as non-metallic elements — yield oxides 
which unite with water to form acids. Sodium and calcium, 
however, which are regarded as metallic elements, yield oxides 
which have basic properties ; that is to say, the oxides have the 
property of neutralising acids so as to form salts. One may,, 
therefore^ define a non-metal as an elemejit which gives rise only to 
an acid-forming oxide^ or to acid-forming oxides ; and a metal 
as an element which can give rise to a basic oxide. The formation, 
also, of acid oxides by a metal is not excluded. 

Moreover, since a basic oxide neutralises an acid and so gives 
rise to a salt, as represented, for example, by the equation : 

NagO + 2HC1 = 2NaCl + H^O 

Sodium Hydrochloric Sodium Watei. 

oxide. acid. chloride. 

and since, according to the Arrhenius theory of electrolytic 
dissociation, the salt is ionised into positively charged metal 
ion (Na*), and a negatively charged acid ion (Cl'), one may also 
define a metal as an element which can give rise hi solution to 
positively charged ions. Thus, all those elements, gold, silver, 
iron, zinc, lead, etc., which we regard as metals, form positively 
charged ions in solution, whereas graphite (carbon), for example, 
which in some of its physical properties resembles the metals, 
does not do so. 

Metallurgy. — With the exception of gold and the platinum 
metals (platinum, palladium, osmium, iridium), and, to a small 
extent, silver and copper, the different metals must be extracted 
by various metallurgical processes from naturally occurring 
compounds or ores. Of these compounds, the most important 
are oxides and sulphides, and, to a less extent, carbonates and 
silicates. These compounds do not occur pure in nature, but 
are frequently mixed with varying amounts of earthy impurities, 
gangue^ most of which must be removed before the ore is subjected 
to further treatment. 

The concentration of the ore may be effected, in some 
cases, by grinding and shaking with water or washing,*” in 
order to remove the lighter earthy impurities ; or a separation 
may be effected by means of magnets, owing to differences in the 
magnetic properties of the constituents. More recently, a 
process has been introduced known as the flotation process,, 
which has shown itself to be of great utility in the case, more 
especially, of sulphide ores, such as those of copper, zinc and 
lead. The crude ore, finely ground, is introduced into a large 
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tank containing water (rendered slightly acid or alkaline)^ and 
certain kinds of oil, such as pine oil or eucalyptus oil. Air 
is then blown through the mixture and a thick froth or foam is 
formed. Since the sulphide particles are wetted by the oil 
rather than by the water, they adhere to the oily walls of the air- 
bubbles, whereas the earthy particles, being preferentially wetted 
by the ivater, sink to the bottom of the water layer. The layer 
of froth, carr}Tng with it the particles of metal sulphide, is then 
skimmed off. 

The concentrates,’^ or concentrated ores, are then subjected 
to suitable metallurgical treatment ; and it is of interest to 
note that many of the processes now in use for the treatment 
of ores, were tested and developed by the metallurgists of the 
Middle Ages. For a knowledge of these processes, as they were 
carried on in the sixteenth century, we are indebted to the 
excellent book, de re metaUica} by the German schoolmaster 
and physician, Georg Bauer, better known under the latinised 
form of his name, Georgius Agricola (1494-1555). 

Although it is not possible to discuss the matter in detail 
here, it may be said that, most generally, the treatment to which 
the ores are subjected consists in smeltings or heating the ore 
to a high temperature along with substances which will combine 
with any earthy impurities which may be present and at the same 
time set free the metal from the compound in which it is present 
in the ore. When the ore is an oxide — for example, haematite, 
^^2^3 — is reduced to the metallic state by smelting with coal 
or coke. The carbon combines with the oxygen of the ore to 
form carbon monoxide, and the metal is set free. 

When the ore is not an oxide, it is first converted to an oxide 
by preliminary treatment. Thus, in the case of a carbonate, 
such as malachite or basic copper carbonate, ^ CuC03,Cu(0H)2, 
the ore is heated in order to drive off water and carbon dioxide : 

CuC 03 ,Cu( 0H)2 = 2CuO + HgO + CO2 

Malachite. Copper oxide. 

The oxide so obtained is then reduced by heating with coke. 

When the ore is a sulphide, it is heated in the air, or 
roasted,” as it is said. The oxygen of the air unites with the 
sulphur of the sulphide to form sulphur dioxide (which can be 
used, as we shall learn later, for the manufacture of sulphuric 

^ This hook was published posthumously in 1556. An excellent English 
translation by H. C, and L. H. Hoover was published m 1912. 

^ Malachite is called a baste carbonate because it is a compound of the normal 
carbonate, CuCOs, with the base, Cu(0H)2. 
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acid), and combines with the metal to form an oxide. The 
oxide can then be reduced as before bv means of coke. 



SixteentK- century furnace for smelting iron ores. 

(From Agricola : de re metalUca*) 

A workman standing on tke steps, B, is emptying into the furnace a mixture of 
ore, C, and coal, D- 

Other processes are also in use for the extraction of metals, 
and to some of these reference will be made in due course. 
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The Structure of Metals. — A metal which has solidified 
from the molten state has a crystalline structure, and it is on 
the nature and development of this that the properties of the 
metal largely depend. 

Every one is familiar with the fact that the surface of 
galvanised iron — that is, iron coated with a layer of zinc which 
has solidified from the molten state — shows a ferndike or leaf-like 
appearance (Fig. 60), somewhat similar to what is seen when 

moisture is frozen on the 
window-pane. This fern- 
like or dendritic appearance 
(p. 127), is an indication of 
the crystalline structure of 
the zinc. A similar appear- 
ance is obtained in the case 
of tin, when dilute acid, or 
some other etching liquid, 
is brushed over the surface 
of the metal. 

Still more distinctly does 
the crystalline structure of 
a metal appear when a 

polished surface of the 

metal, after being treated 
with a suitable etching 

liquid, is examined under 
the microscope. In this 

case, the crystals are seen 
as a number of polygonal 
grains, closely packed to- 
gether (Fig, 61). 

The method of microscopic examination of the structure of 
metals, although previously used by others, is almost entirely 
due to Kerry Cliptor Sorby (1826-1908), of Sheflield, a 
scientific worker of private means who, in 1863, devised the 
tecimique for I he preparation and examination of metal 
sections. This branch of study, known as s^etallo^raphy^ is 
of the highest importance, for it enables oneTd correlate 
the changes which take place in the physical properties of 
metals with the changes in crystalline structure ; and it gives 
guidance, also, in the production of a suitable crystalline 
texture. 

In recent years, pure metals and alloys have also been sub- 
jected to examination by means of X-rays, and a fuller knowledge 
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of their crystalline structure and of the spacing of the atoms in 
the crystals has thereby been obtained. 

When copper is used as a conductor of electricity, it is of 
the highest importance that it be as pure as possible ; but for 
other purposes, where the metal is subject to wear and tear, 
pure copper is too soft. If the copper is mixed even with a 
small amount of tin, however, a metal of much gi'eater hardness 
and resistance to rrear is obtained, as was found bj" the crafts- 
men of antiquity who discovered bronze. In the case of other 
metals, also, a very great variation of properties can be brought 



Eic. (>1. — CrystaUuie structme of metals. 

(Erom Evans’ 3Ietal8 and Metallic Comjpounds, by permission of Messrs. Edward 

Arnold & Co.) 

about by the addition of different amounts of one or more 
metals ; and in this way very many alloys possessing proper- 
ties of the highest value have been produced. These alloys 
are, in some cases, merely heterogeneous but close-grained 
mixtures of the metals ; but in other cases, they are compounds. 
In still other cases, they are homogeneous mixtures or solid 
solutiojhs. 

Owing to the fact that the crystalline texture may be con- 
siderably altered by mechanical stress and by alternate heating 
and cooling, the properties of an alloy depend not only on 
the composition but also on the mechanical and thermal treat- 
ment to which it is subjected. Examples of such behaviour will 
be given in the following chapter. 



CHAPTBR XIX 
METALS ANJD ALLOYS 
Gold, Silver a^td Platinum 

These tlu*ee jDrecious metals are largely used for currency, 
je^vellery and scientidc purposes. All occur in the free state, 
and silver and platinum also occur as compounds associated 
with other metals. 

Gold, probably, was the first metal to become known to man, 
and its natural beauty and the ease with which it can be worked 
must have attracted primitive man, as it has attracted men 
tliroughout all ages, and have led to its use, at an early period, 
for purposes of personal adornment. The beautiful gold 
jewellery — bracelets, rings, etc. — to be seen in the Museum at 
Cairo, show that the use of gold for ornamental purposes was 
already well known in Egypt as early as 4000 B.C. Egypt, 
indeed, became noted throughout the Ancient World for its 
wealth in gold : The gods have done well in making gold as 

plentiful as dust in the land of Egypt,"’ wrote i Lusratta, King 
of Mitani, to Amenophis III, King of Egypt, about 1400 B.C. 

Gold is very widely distributed and has been found, in larger 
or smaller amounts, in many parts of the world. In the first 
half of the nineteenth century, the gold mines of the Urals 
produced almost all the world’s supply ; but with the opening 
up of the alluvial deposits and gold mines of California in 1848—49, 
of Australia in 1851, and of the Transvaal (South Africa) in 
1873, the Ural mines became of little importance. In 1927, the 
w orld production of gold amounted in value to ^82,000,000, and 
of this about 50 per cent, was produced by the Transvaal, about 
21 per cent, bj" other parts of the British Empire (Australia, 
Canada, etc.), and about 11-5 per cent, by the United States. 

Although much gold has been obtained from sands and 
allu\dal deposits, most of the gold is now isolated from gold- 
bearing rocks. The auriferous rock is crushed by means of 
“ stamps,” or heavy steel pestles from 1 J to 2 tons in weight, and 

^ Tell-el-Amarna Tablets. 
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ground in rotary mills. The finely crushed material is ■washed 
over lai’ge plates covered with corduroy cloth, Avhich retains the 
heavy gold particles. The gold particles are then shaken in 



closed vessels hvith mercury, ’ which dissolves the gold — a fact 
well known to Pliny in the first century. The mercury-gold 
amalgam is then distilled, when the mercury passes off and leaves 
the gold behind. The sands from which the gold has for the 
most part been separated are then treated with a solution of 
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potassium cyanide, or of the cheaper sodium cyanide, in order 
to dissolve the gold which has escaped removal. From the 
cyanide solution, the gold can be recovered by the addition of 
zinc. This causes the gold to separate out, while the zinc itself 
passes into solution. 

Gold is a ver}^ malleable metal which can be rolled or beaten 
out into leaves one ten-thousandth of a millimetre (one two- 
hundred-and-fifty- thousandth of an inch) in thickness. These 
leaves are so thin as to be translucent, the light which passes 
through having a green colour. Gold can also be drawn into 
wires of extreme tenuity. The purity or fineness of gold is 
generally expressed in carats, pure gold having a fineness of 
24 carats. Since pure gold is too soft for use, it is alloyed or 
mixed vith silver or copper. British currency gold has a fineness 
of 22 carats, and consists of a mixture of 22 parts of gold with 
2 parts of other metals, or, 91*67 per cent, of gold, 2 per cent, of 
silver and 6*33 per cent, of copper. In Australia, silver is used 
in place of copper. In the United States, France and Germany, 
currency gold consists of 90 per cent, of gold and 10 per cent, 
of other metals. The finest quality of jewellery gold is 18 carat 
gold, or a mixture of 18 parts of gold with 6 parts of other 
metals (75 per cent, of gold, 12*5 per cent, of silver and 12*5 per 
cent, of copper) ; but lower qualities, especially 15 and 9 carat 
gold, are also employed. 

Gold is not readily attacked by any single acid, and the most 
convenient solvent for the metal is the aqua regia of the 
alchemists, a mixture of nitric and hydrochloric acids. From 
a solution in aqua regia there crystallises out the yellow 
salt known as gold chloride,’*' which is widely used for the 
toning ***' of photographic prints.! In the toning process, the 
silver parhicles forming the image are replaced by particles 
of gold. 

Silver is a metal which, like gold, occurs native, more 
especially in Ontario, Canada ; but it is generally found as a 
sulphide associated with lead or copper, and is produced mainly 
in Mexico, the United States, South America and Canada. 
Most of the silver is produced at the present day as a by-product 
of the extraction of lead and copper from their ores. 

Silver, although known in pre-dynastic times in Egypt, was 
a rarer and more costly metal than gold until about 1500- 
1400 B.C. It has long been prized as a jewellery metal on account 
of its appearance, and it was used for the making of coins as 
early as the ninth century B.C., by the JEginetans, under Phidon. 

^ The salt has the composition represented by the formula, HAuClijSH^O. 
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King of Argos. Its use as a currency metal is now very wide- 
spread. Formerly, British sterling silver was an alloy containing 

per cent, of copper, while the silver coinage of the United 
States contains 10 per cent, of copper. Now, Ixowever, sterling 
silver contains only 50 per cent, of silver, and is alloyed with 
40 per cent, of copper, 5 per cent, of nickel and 5 per cent, of 
zinc. 

Silver is, next to gold, the most malleable and ductile metal ; 
and it is the best conductor of heat and electricity. 

Silver does not combine vdth oxvgen at the ordinary or even 
at a higher temperature, and does not, therefore, tarnish when 
exposed to pure air. The tarnishing which takes place when 
silver is exposed to the air, especially of large towns, is due to 
the presence of sulphur compounds in the air and the formation 
of silver sulphide. Similarly, so-called oxidised silver ” is not 
oxidised at all, but sulphidised by treatment with a solution 
of an alkaline sulphide. A film of dark silver sulphide is thereby 
formed on the surface of the metal. An alloy of silver and 
copper, containing 92-5 per cent, of silver and a little antimony, 
resists the blackening action of sulphur compounds in the air. 
It is used, under the name of stainless silver, for the manu- 
facture of ware. 

Silver dissolves readily in nitric acid, and from the solution 
the white crystalline salt, silver nitrate (AgN 03 ) or lunar 
caustic,*’’’ can be obtained. It is used in medicine as a cautery. 
A solution of silver nitrate, when applied to the skin, gives a 
black stain, owing to the production of metallic silver. For the 
same reason, a solution of silver nitrate may be used as a marhing- 
inh for linen, etc. The silver nitrate is reduced and metallic 
silver deposited on the linen. 

On account of the fact that they are acted on by light, the 
compounds of silver with the 'halogens, more especially silver 
chloride (AgCl) and silver bromide (AgBr), are extensively 
employed in photography. These compounds separate out as 
sparingly soluble precipitates when a chloride {e-g- sodium 
chloride) and a bromide {e,g, potassium bromide) are added to a 
solution of silver nitrate. 

Platinum, now the costliest of all metals, first became known 
in Mexico about 1558, and was called by the Spaniards, platina^ 
a diminutive form otplata^ silver. It was first brought to Europe 
in the eighteenth century. From about 1824 down to the time 
of the Russian Revolution, most of the world^’s supply of platinum 
was obtained from Russia, where the metal was found in the 
region of the Ural Mountains. The supply from this source, 
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however, has greatly diminished, and the metal is now derived 
to a large extent from the Republic of Colombia, South America, 
and from the province of Ontario, Canada. In 1925, extensive 
deposits of platiniferous ores were discovered in the Transvaal. 

Platinum is a malleable and ductile metal, much valued as a 
jewellery metal for the setting of diamonds and other gems ; 
and it is largely used in chemical laboratories, on account of its 
liigli melting-point and its freedom from attack by chemicals. 
It finds, also, considerable application in industry as a catalyst, 
as will be discussed in the sequel. 

Owing to the fact that platinum expands and contracts with 
change of temperature at nearly the same rate as glass, a wire 
of this metal can be melted into glass, and the latter does not 
crack on cooling. For this reason, platinum wire used to be 
employed in making connection between the filament of an 
electric incandescent lamp and the fittings outside. Owing to 
its present high price, however (about ^17 per ounce trOy), 
platinum is no longer used for this purpose, its place being taken 
by the nickel-iron alloy platinite (see later). When used for 
this purpose, the platinite is coated with a thin layer of copper, 
to which the glass adheres. It is then known as red platinum.**^ 
The saving effected by the use of platinite amounts to about 
*£^1,000,000 per annum. 


Iron- and Steel 

No metal, it may be said, has played a part of such importance 
in the advance of civilisation as has the metal iron. Although 
meteoric iron appears to have been known in Egypt in pre- 
dynastic times — prior to the fourth millennium' B.C. — a know- 
ledge of how to extract the metal from its ores must have come 
only at a much later time ; when and where, cannot be stated 
with any degree of certainty. It is, however, believed by some 
that the extraction of iron from its ores was a Hittite discoverv, 
and that the production of iron was first established in the 
district to the south-east of the Euxine. By 1300 B.C., in any 
case, iron, although still very valuable, was well known, and 
about that time an iron sword was sent by a Hittite king to 
Rameses II, King of Egypt. Even as early as the fourth century 
B.C., damascened steel was being produced in Damascus ; 
and in the reign of Augustus, in the first century B.C,, the 
Noricus ensis (Norican sword), made from steel produced 
in Illyria, was no less famous than were, at a later date, the 
sivords of Toledo. 
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Extraction of Iron from its Ores. — Altliougli tlie element 
iron forms about 5 per cent, of the solid crust of the earth, it 
occurs, with the exception of small quantities of meteoric iron, 
only in the form of compounds, more especial^ with oxygen and 
with sulphur. Of these, the most important sre hcematite i 
(FeoOg), — ^the presence of which gives a. red colour to rocks and 
soil, — limoyiite^ a hydrated oxide (2Fe203,3H20), and magnetic 
iron ore or viagnetite (Fe304). Iron pjxites or ferric sulphide 
(FeSo) is a familiar brass-like mineral, sometimes called fooPs 
goldP^ It is never used for the production of iron, but large 
quantities are employed in the manufacture of sulphuric acid. 

Various red and brown pigments, ochres, are prepared from 
haematite and limonite. 

The ores which are mainly employed for the production of 
iron are the oxides — haematite, limonite and magnetite — and 
the carbonate (FeC03), known as 
spathic iron ore or siderite. The 
ores are subjected to a preliminary 
process of calcination in order to 
drive off water and to convert the 
carbonate to oxide. -The extraction 
of the metal is carried out in the 
blast furnace, a tall structure with 
a roughly egg-shaped interior (Fig. 

62 ). After fires have been lit and 
the furnace has been heated up, a 
mixture of ore, coke (or coal) and 
limestone (calcium carbonate) is in- 
troduced from the top, and a blast 
of hot air is blown in through pipes 
or twyers (French, tuyeres), at 
the bottom of the furnace. In this 
way, a high temperature is pro- 
duced ; the coke burns and gives 
rise to carbon dioxide, and this gas, 

in contact with the red-hot c^e, 62 .-Section of tkst-fumace 

passes into carbon monoxide. The (diagrammatic), 

carbon monoxide ascends through 

the hot mass, combines with the oxygen of the iron ore and so 
sets free the metal. At the high temperature of the furnace, the 
metal melts and flows down to the bottom, and at the same time 
the lime, formed by the decomposition of the limestone, com- 

^ So called because seeming as if formed of concreted blood ” (Theophrastus), 
from the Greek atjua (haima), blood. 
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bines ^vith the silicates added to or present as impurities in the 
iron ore, to form a glassdike material or slag. This likewise 
flows in the molten state to the bottom of the furnace, where it 
floats on the surface of the molten iron. From time to time, 
the slag is removed and the molten iron run off‘ into moulds, 
where it solidifies and forms pig iro?i. 

The slag obtained from the blast furnace is used in the 
manufacture of Portland cement, the production of which will 
be discussed at a later point. The carbon monoxide, also, 
which is drawn off in large quantities from the top of the blast 
furnace is made use of, partly for burning in furnaces to heat 
the air of the blast, and partly for the production of power in 
gas engines. 

Cast Iron, Wrought Iron and Steel. — Pure iron is never 
used industrially, and all commercial forms of iron are mixtures 
of iron with larger or smaller amounts of other substances. 
The three main kinds of commercial iron are cast iron^ wrought 
iron and steely and of these, the first is the least pure form of iron. 
Cast iron is essentially the metal as it comes from the blast furnace, 
and contains generally from 2 to 5 per cent, of carbon, much of 
it in the form of graphite, together with other impurities, such 
as silicon, sulphur and phosphorus, in amounts depending on 
the ore employed. It is a hard but brittle form of commercial 
iron. 

Ordinary cast iron is readily attacked by dilute hydrochloric 
and sulphuric acids, but the rate of attack can be reduced to a 
very considerable extent by increasing the proportion of silicon. 
Thus, ware made of cast iron containing from 12 to 19 per cent, 
of silicon {eg. tantiron, duriron, ironac, narki), is so acid-proof 
that it can be used for the evaporation of sulphuric acid. Such 
cast iron, however, is extremely brittle. 

Wrought iron^ the purest form of iron used industrially, is 
obtained by strongly heating pig iron in a furnace along with 
haematite or magnetite. These oxides oxidise the carbon and 
silicon, as well as any phosphorus and sulphur which may be 
present. Wrought iron is soft and fibrous in structure, and is 
also tough and malleable, so that it can readily be woi*ked even 
at the ordinary temperature. A pillar of wrought iron, twenty- 
four feet in length, stands in the Mosque of the Kutub, neai* 
Delhi, and dates from the fourth century. 

Steely by far the most important form of commercial iron, is 
not a definite substance ; there are many different kinds of 
steel, all of which are alloys of iron with other substances. 
Ordinary steels are alloys of iron and carbon, the amount of 
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carbon varj-ing from 0-1 to 2-0 per cent. The carbon is present 
in the form of a compound of iron, known as cementite, FegC 
Steel is produced by the Bessemer or, generally, by the open- 
hearth process, the aim in either case being to remove,* by burning 
or oxidation, the impurities present in pig iron, and more 
especially the sulphur and phosphorus, the presence of which is 



FJmlo: B. N. 4. 

Pillar of wrought iron near the Kutub Minar, Delhi. 

very detrimental to the steel. In the Bessemer process, intro- 
duced by the English ironmaster, Sir Henry Bessemer, in 1856, 
the oxidation is effected by blowing air through the molten 
metal ; and in the open-hearth process, introduced by Sir 
William Siemens in 1863, the oxidation is effected by the 
addition of oxide of iron or haematite. When phosphoius is 
present in the pig iron, the furnace is lined with magnesite 
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(magnesium carbonate), or with dolomite (double carbonate of 
calcium and magnesium), -with which the oxidised phosphorus 
combines to form a phosphate known as basic slag. This is 
largely employed as a phosphatic manure in agriculture. The 
introduction of a basic lining to the furnace is duetto Sidney 
Gilchrist Thomas (1850-1885), a magistrate's clerk in London, 
and has made available for steel manufacture hundreds of 
millions of tons of ore. 

Besides possessing a much greater tensile strength than cast 
or wrought iron, steel is characterised by the fact that it can be 
hardened by heating to a fairly high temperature and then 
cooling in oil or in w^ater. The process is known as temperings 
and the temper (hardness, elasticity, etc.) produced in the 
steel depends not only on the composition but also on the 
temperature to which it is heated and the rate at which it is 
cooled down. According to the treatment employed, the highly 
elastic steel of the watch-spring or the hard steel of the cutting 
tool can be obtained. 

Following on the pioneering work more especially of Sir 
Robert A. Hadfield, in the ’eighties of last century, the effect 
of adding other substances to steel has been the subject of 
intensive investigation by metallurgical chemists, and, as a result, 
many new steels, possessing distinct and valuable properties, 
have been introduced into the service of man. The addition of 
chromium, for example, gives hardness to steel, and thus, by the 
addition of about 2 per cent, of chromium one obtains chrome 
Steels wLich is employed for steel tjreSs for rock-crushing 
machinery and for armour plate. By adding a small amount of 
nickel to the chrome steel, greater elasticity is given. Stain- 
less steel,” w^hich does not rust or tarnish in contact with food 
or fruit acids, is a steel containing from 12 to 15 per cent, of 
cliromium. Steel containing from 10-15 per cent, of chromium 
and from 1-S per cent, of nickel is highly resistant to the 
corrosive action of sea-water, acids, etc. 

Addition of nickel to steel imparts hardness and elasticity, 
and nickel steel is therefore used for armour plate, propeller 
shafts, etc. When the percentage of nickel is greatly increased, 
steels having very special and valuable properties are obtained. 
Thus, invars a steel invented in 1896 and containing 36 per cent, 
of nickel and only 0 •2-0*5 per cent, of carbon, has a negligible 
coefficient of expansion throughout the ordinary range of 
temperature variation, and is therefore used for the manu- 
facture of measuring rods, surveyor’s tapes, instruments of 
precision and the pendulums of clocks. A similar alloy, elinvars 
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is used for the balance spring of watches, because its coefficient 
of elasticity and therefore the control which the spring exerts, 
do not alter with the temperature. Platmite^ similarlj^ is a 
nickel steel containing 46 per cent, of nickel. Its coefficient of 
expansion, ’ wliich may be varied by slightly varying its com- 
position, is practically the same as that of glass, and wires of 
platinite may therefore be sealed into glass. The invention of 
these three nickel steels we owe to Charles Edouard Guillaume, 
Director, since 1915, of the Bureau International des Poids et 
Mesures^ at Sevres^ who was awarded the Nobel Prize for Physics 
in 1920. 

During liis investigations into the properties of manganese 
steel, carried out in the "eighties of last century. Sir Robert 
A. Hadfield discovered that when the proportion of manganese, 
normally present in small amounts in all steels, is increased to 
from 9 to 14 per cent., a very hard, tough steel is obtained, which 
is extensively used for rock-crushing machinery, for switch-points 
on railways, and for other purposes where a very hard-wearing 
metal is required. It was also used for breastplates and steel 
helmets during the Great War. 

The properties of an alloy, it has been pointed out, depend 
' not only on the composition but also on the thermal or mechanical 
* treatment to which the alloy is subjected. This is well illus- 
trated by the behaviour of manganese steel. When heated and 
rapidly cooled, manganese steel is tough, ductile and non- 
magnetic : but if annealed "" by more or less prolonged heating 
and slow cooling, it becomes hard, brittle and magnetic. 

In the production of the famous Damascus steel,"" also, one 
has an illustration of the effect of heat and mechanical treat- 
ment. When a carbon steel containing, say, 1-6 per cent, of 
carbon, solidifies, cementite — a very hard and brittle com- 
pound of iron and carbon — crystallises in the form of needles 
which render the mass brittle and unforgeable (Fig. 63). If 
this steel be heated repeatedly to a bright red heat and ham- 
mered, the mefal becomes more pliable and, at last, the very 
strong but pliable Damascus steel, capable of taking a verv 
keen edge, is obtained. Microscopic examination reveals that 
as a result of the mechanical treatment of the red-hot steel, the 
cementite needles pass into a quasi-liquid state, lose their sharp 
outlines and break up into drops ; and the drops of cementite 
are dispersed throughout the steel (Fig. 64), rendering the steel 
very hard and enabling it to take a very keen edge. On polishing 
the surface of the metal and washing it with a weak acid solution, 
the wavy markings, due to rows of cementite particles and 
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characteristic of Damascus steel, are revealed 65)d The 

process outlined above is also made use of in the productionjc>£ 
razor blades. 



Pig. 63.— Steel with needles of cementite. 

(From Belaiew’s Crystallisation of Metals, University of London. Press, Ltd. ) 

^ How keen was the edge which conld be obtained with Damascus steel is 
illustrated by the feats of swordsmanship described by Sir Walter Scott ^ 
Talisman, Chap. 27. There we read that Saladin, having placed a emhion of silk 
and down upright on one end, ‘‘ unsheathed his scimitar, a curved and narrow 
blade, which glittered not like the swords of the Pranks, but was, on the ^ntm^, 
of a dull blue colour, marked with ten millions of meandering Imes. . . . Wielding 
this weapon ... he drew the scimitar across the cushion, applying the e^e so 
dexterously and with so little apparent effort, that the cushion seemed rather to 
fall asunder than to be divided by violence.” 
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As a cutting tool, ordinary high-carbon steel is quite satis- 
factory as long as the work is carried out at such a rate that the 



Pig. 64.— Steel with needles ol cementite, after being worked. 

(Fiom Belaiew’s Crysiallisahoyi of Metah^ University of London Press, Ltd.) 



Pig. 65. — ^Damascus steel. 

(From Belaiew’s Crystallisation of Metals, University of London Press, Ltd.) 
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temperature does not greatly rise , but it is useless for tlie high- 
speed cutting of metals, when the cutting tool may become red 
hot. Under these conditions, ordinary steel speedily loses its 
temper. It was, however, found that by the addition of tungsten 
or of molybdenum to a clirome steel, an alloy was obtained whicli 
retained its temper and hardness even at a red heat. Such 
high-speed tool steel, which contains, say, 0*6 per cent, of carbon,* 
4 per cent, of cliromium, 14-20 per cent, of tungsten (or 5—6 per 
cent, of molybdenum), and sometimes also about 1 per cent, 
of vanadium, is therefore a material of the very highest value 
in modern engineering practice. 

When exposed to moist air, iron readily undergoes oxidation 
or rusts. When used, therefore, in constructional work, pro- 
tection of the metal by frequent painting is necessary. In other 
cases, the metal may be coated with zinc (galvanised iron) or 
with tin (tin plate). 

Ferrous and Ferric Salts* — ^Iron readily reacts with dilute 
sulphuric and hydrochloric acids and gives rise to two series of 
salts, the ferrous salts (e.g. ferrous sulphate, FeS04), and the 
ferric salts ferric sulphate, Fe2(S04)3, and ferric chloride, 

FeCl3), which may be regarded as derived from ferrous oxide 
(FeO) and ferric oxide (Fe203), respectively. The ferrous ion 
carries two charges of electricity (Fe**), and the ferric ion 
carries three (Fe“*).i 

Writing hih is prepared by the addition of a solution of 
ferrous sulphate and gum to a decoction of nut-galls, in which 
gallo-tannic and gallic acids are present. On shaking with air, 
the white ferrous gallo-tannate and gallate are oxidised to the 
black ferric salts. In the presence of gum, the finely divided 
solid remains uniformly distributed as a colloidal suspension. 

The fact that certain ferric salts are reduced to ferrous salts 
when exposed to light is made use of by engineers and others 
for the reproduction of line drawings. When paper, coated 
with a mixture of ammonium ferric citrate and potassium ferri- 
cyanide, is exposed to light under a black -line drawing, the 
ferric citrate is reduced to ferrous citrate, except where it is 
protected by the inked lines. If the paper, after exposure, is 
placed in water, the potassium ferricyanide reacts with the 
ferrous salt to give a blue colour (Prussian blue), whereas with 
the unaltered ferric salt it gives a soluble brown compound. 
On washing the sheet, therefore, this compound and the excess 

^ The termination -ous (e.g. ferrous) is applied to those compounds in which 
the metal has the lower valency ; and the termination -ic (e.g. ferric) to those in 
which the metal has the higher valency. 
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of unaltered salts are removed, and one obtains a blue print 
reproduction of the original drawing, consisting of wliite lines 
on a blue ground. 


Non-Ferrous Metals and Alloys 

Copper. — Copper is, of all the non-ferrous metals, the most 
important and most widely used. It is, as has been pointed out, 
one of the metals with which man earliest became acquainted, 
and the copper mines of Sinai were worked as early as 5000 B.C. 
Helmets of copper, also, were worn by the warriors of the 
Sumerian City States as early as 2700 B.C. The name, copper, 
is derived from the Latin, oes cyprium^ later, cuprum^ because in 
Roman times it was largely obtained from the island of Cyprus. 

Although copper occurs native, more especially in the region 
of Lake Superior, it is mainly from its compounds, the sulphide 
and the carbonate, that the metal is at present extracted ; but 
in Chile, high up in the Andes, in what is reputed as being the 
largest known deposit of copper ore in the world, the sulphide 
has been largely converted to a sulphate. This ore has, however, 
not yet been exploited. 

The chief industrial use of copper, of which the United 
States are the largest producers, is for the construction of wire 
and cable for the conduction of electricity ; and since the 
conductmty, which is inferior only to that of silver, is greatly 
diminished even by small amounts of impurity, the metal as 
extracted from its ores must be refined or purified. This is now 
carried out by electrolysis (p. 266). 

The crude copper, obtained by smelting its ores, contains a 
number of impurities, among which are silver and gold, some- 
times in not inconsiderable quantities. This crude copper, cast 
into plates, is made the anode in a bath of copper sulphate 
solution, while a thin plate of pure copper is made the cathode. 
When the electric current is passed, copper is deposited in a 
pure state on the cathode, from which it can afterwards be 
readily stripped, whereas the copper of the anode passes into 
solution by combination with the sulphate ions which are dis- 
charged at the anode. Some of the impurities present in the 
wpper may also dissolve and accumulate in the solution ; other 
impurities, however, such as silver and gold, do not dissolve, but 
fill! to the bottom of the bath as a slime or mud, known as the 
anode mud,” from which the valuable metals are extracted by 
suitable methods. 

By this simple process., the purest commercial copper, so 



METALS AND ALLOYS 


303 


called electrolytic copper,*’*’ is obtained, and is largely used for 
electrical purposes. 

Copper Alloys. — In association with other metals, copper forms 
a number of alloys, some of wliich, the brasses^ find a very wide- 
spread use. Brass is an alloy of copper and zinc, and brasses 
with ditferent properties are obtained by varying the proportions 
of the two metals. Brasses containing about 30 per cent, of zinc 
are among the most important, and are used for castings and for 
cartridge cases. A brass containing 40 per cent, of zinc and 
known as 3Iu?itz metal^ is used in sheathing ships on account of 
its resistance to corrosion. Dutch metal is an alloy containing 
about 20 per cent, of zinc. 

Brass and certain other alloys which have been subjected to 
mechanical stress by being hammered, drawn or pressed, are 
liable to undergo what is called season cracking. *’*’ Thus, 
hard-drawn tubes, cartridge cases, etc., may crack some time 
after they have been made, more especially when exposed to an 
atmosphere in which traces of ammonia are present (Fig. 66). 
The liability to crack may, however, be removed by heating the 
metal to a temperature of 200^^-300° C. At this temperature, 
the internal stresses are relieved, but the hardness of the metal 
is not destroyed. 

Brass hardened with nickel — ^that is, an alloy of copper, 
nickel and zinc — is used under the name of white metal or German 
silver^ as a basis for silver-plated ware. 

Bronzes i are alloys of copper and tin, but they sometimes 
also contain zinc. Gun metal is a bronze containing from 8 to 
12 per cent., and bell metal a bronze containing from 12 to 
24 per cent, of tin. Bronze coinage contains 4 per cent, of tin 
and 1 per cent, of zinc ; while phosphor-bronze^ which is widely 
used for taps, valves, etc., where corrosion has to be avoided, 
contains varying proportions of copper, tin, lead and phosphorus. 

An alloy consisting essentially of copper and nickel, known 
as monel metal^ has proved of great value on account of its 
general resistance to corrosion and to the action of sea- water ; 
and an alloy consisting of 54 per cent, of copper, 45 per cent, 
of nickel and 1 per cent, of manganese (to increase the tensile 
strength), is used for ornamental metal work* under the name 
silveroid. 

Salts of Copper. — When exposed to the action of moist air, 
copper becomes coated with a green-coloured basic copper 
carbonate called verdigris ; and the metal readily dissolves in 

^ The term “ bronze ” is derived from hrundiiaium. At Brundnsium 
(Brindisi), in Roman times, a hard brciuze, used for metal mirrors, was made^ 
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nitric acid with formation of copper nitrate, Cu(N 03 ) 2 . Copper 
sulphate, perhaps the best known salt of copper, crystallizes from 
solution in deep-blue coloured hydrated crystals, having the 
formula CuS 04 , 5 H 20 n and knovm popularly as hluestone. When 
added to water in small amount it prevents the growth of 
algse. 

A mixture of copper sulphate solution and milk of lime. 


{Courtesy R. Moore and S. Beclinsale ) 
Fig. 66. — -Reason cracking of brass. 

Ca(OH) 2 , is largely used — under the name of BordeauDc mixture — 
for spraying fruit trees and bushes, especially vines, to protect 
them against insect and fungoid pests. About 75 per cent, of 
the world’s production of copper sulphate is used for thisj 
purpose. 

Nickel. In the seventeenth century, German copper miners, 
encountering a mineral which appeared to be a copper ore but 
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from wliich they could extract no copper, gave to it tlie name 
of KupferJiicheiy From tliis ore, the Swedish chemist and 
mineralogist, A. F. Croxstedt (1722-1765) — who introduced 
the valuable analytical technique known as blowpipe analysis 
into chemistry — was able, in 1754, to obtain a metal to which 
he gave the name nickel. Although first isolated in the middle 
of the eighteenth century, however, tliis metal has been found in 
certain ancient Chinese alloys. 

Nickel ores occur mainly at Sudbury,- in Ontario, and the 
metal which is extracted from them is purified by a process 
invented by the English industrial cheinist, Ludwig Moxm 
(1839— 1909), and known as the Mond process. This process is 
based on the fact that when carbon monoxide is passed over 
nickel at a temperature below 100"^ C., combination takes place 
and a volatile liquid, known as nickel carbonyl, Ni(CO) 4 , is 
obtained. On heating the vapour of this compound, decom- 
position takes place ; pure nickel is deposited and carbon 
monoxide is regenerated, and can be used for the purification of 
a further quantity of the metal. When in a coherent form, 
nickel is a hard, white, lustrous metal, highly resistant to the 
action of the atmosphere. For this reason it is largely used for 
protecting iron or steel from rust, the metal being deposited by 
electrolysis (nickel plating). Before being plated with nickel, 
iron or steel is generally plated with copper. 

Besides being used for plating purposes — for wdiich purpose 
it is being rapidly displaced by chromium — nickel is widely 
employed as a constituent of many important alloys. Besides 
those to which reference has already been made, one may mention 
niclirome^ an alloy of nickel and chromium with about 23 per 
cent, of nickel, which is widely used as resistance wire in electrical 
heaters, and nickel currency alloy, an alloy of nickel and copper 
containing about 25 per cent, of nickel 

Cobalt is a metal similar to and generally found associated 
with nickel. The name, which is derived from the German 
Kobold, meaning a hobgoblin, was applied by the German 
miners to certain false ores ’** from which copper could not be 
obtained. The name was, at a later time, applied to the minerals 
which were found to colour glass blue, and was then transferred 
to the metallic constituent of the minerals, first isolated in the 
eighteenth century. 

^ German, Kupfer= copper, and Xickel=a refractoiy person. 

^ These nickel ore deposits, from which 90 per cent, of the world’s supply of 
nickel is obtamed, were discovered only in 1883, when the Canadian Pacific Railway 
line was being laid through the region lying to the north of Lake Huron. The 
invention of nickel steel led to the exploitation of the deposits. 
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So far, few uses have been found for cobalt. Its oxides give 
a fine blue colour to glass, and it is used in the preparation of 
certain blue pigments^ smalt, obtained by fusing silica with 
a small amount of cobalt oxide. 

Mercury. — This heavy, liquid, lustrous metal, the well- 
known properties of which lend to it a peculiar fascination, was 
probably first mentioned in literature by Aristotle, who called it 
apyvpo^ Xvros (argyros chytos), or liquid silver. A very restricted 
knowledge of it, however, may have existed at a much earlier 
period. In later Greek and Roman times, the metal became 
well known and received the names hydrargyrum i and argentum 
vivum^ that is, living silver or quicksilver. By the Arabian 
alchemists, as we have learned, mercury was regarded as repre- 
senting the properties of fusibility, malleability and lustre 
inherent in metals. 

Mercury is extracted from the naturally-occurring compound, 
mercuric sulphide^ (HgS)? or chmabar^'^ a substance which, when 
ground, yields a powder of a bright red colour. When this sub- 
stance is strongly heated in a current of air, the sulphur com- 
bines with the oxygen to form sulphur dioxide, and the mercury 
which is liberated is vaporised. By condensing the vapour in 
cold chambers, the liquid metal is obtained. 

Since mercury has a low specific heat, boils at a fairly high 
temperature (360° C.), freezes at a low temperature ( — 39° C.), 
and does not wet glass, it finds an important application in the 
construction of thermometers. On account of its high density 
— it is 13*96 times heavier than an equal volume of water — it 
was used in the seventeenth century by Evangelista Torricelli 
(1608—1647) for the construction of a barometer. 

A number of metals dissolve in or form homogeneous mixtures 
with mercury. The alloys so obtained are known as amalgams^ 
a term first introduced by Thomas Aquinas (1227—1274). 

Mercury forms two classes of salts, known as mercurous and 
mercuric salts. The most important of these are mercurous 
chloride j Hg 2 Cl 2 , or calomel ^ (so called from the black colour 
which this substance gives with ammonia), and mercuric chloride^ 
HgCl 25 or corrosive sublimate. The former compound is sparingly 

^ A Latin form of the Greek name vSpdpyvpos (hydrargyros), from vBojp 
(hydor), water, and dpyvpos (argyros), silver. 

^ Derived from the Greek Kiwapapis (kinnaharis). It was used as a pigment 
(vermilion) and cosmetic, and was frequently confused with red lead or minium. 
Since the term kinnaharis may be derived, so the author is informed, from the 
ancient Sumerian words, ku (silver) and habharu (shining or glistening), it seems 
not unlikely that the metal was known at a much earlier period than is generally 
supposed. 

^ From the Greek /caAos* (kalos), beautiful, and piXas (melas), black. 
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soluble in water and is used in medicine ; tlie latter compound is 
moderately soluble and very poisonous. Tlie solution may be 
used as a germicide. 

Tin is one of the metals which were known in ancient times, 
its alloy -with copper, namely bronze, being the earliest alloy 
of which we have knowledge. Although bronze may have been 
known before the metal tin had been isolated, it is probable 
that the Babylonians were familiar with the metal about 
2800 B.C. ; and as early as 1000 B.C. the great traders of 
antiquity, the Phoenicians, obtained this metal from the tin 
mines of Cornwall, where it was found in the form of its oxide, 
Sn02, knoivn as thistoiie or cassiterite. To tliis fact is due the old 
name of Cassiterides or Tin Islands applied to Britain. For a 
long time the whereabouts of the Cassiterides remained known 
only to the Phoenicians, and provoked much anxious curiosity 
on the part of the Romans. So highly, however, was the secret 
prized that it is recounted that Phoenician sailors on being 
followed by a Roman ship while on their way to Cornwall ran 
their ship ashore rather than betray the position of the valuable 
tin mines. 

Now the glory of the Cornish tin mines has departed. More 
important deposits have in modern times been found in other 
parts of the world, chief amongst these being the deposits at 
Perak and Selangor (Malay States), in Siam, and in the islands 
of Banca and Biihton in the Dutch Indies. Little, if any, tin is 
now mined in Cornwall. 

Tin is a metal of manifold uses. Its resistance to atmo- 
spheric attack has led to its use for coating iron and steel as a 
protection against rusting. Tin-plate, used for making con- 
tainers or tins for biscuits, preserved foods, etc., is made by 
dipping steel sheets in molten tin. The malleability of the 
metal, owing to which it may be rolled out into thin leaves or 
foil, has also led to its use as a wrapping for chocolate and other 
materials. So-called silver paper is not silver at all, but the 
much less valuable metal tin. 

In association with other metals tin forms part of a number 
of alloys. Thus we have bronze (copper and tin) ; Britannia 
metal and the Babbitt metals (tin, antimony and copper), used 
for bearings of engines ; pewter and solder (tin and lead). 

White Tin and Grey Tin. — ^It has been shown by Ernst 
Cohen, Professor of Physical Chemistry in the University of 
Utrecht, that except during the warm summer months, ordinary 
lustrous tin, or white tin^ is not in a really stable condition, and 
that at all temperatures below 13° C., it is liable to undergo 
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change and pass into a less dense form known as grey tin. At 
very low temperatures, and even during severe winters in 
Continental countries, the change may occur with considerable 


{Courtesy Prof, E CoJie7i ) 

Medal showing tin plague. 

rapidity. Generally, tlie conversion of white to grey tin takes 
place in spots or patches, and owing to the lower density of grev 
tin, wart-like, powdery growths are formed, the appearance of 
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wHcli on the surface of the bright metal has earned for the 
transformation the name of tin plague. This plague,’’ more- 
over, is contagious, for the conversion of white tin to grev tin 
is stimulated and accelei'ated bv contact with the latter. All 
articles of tin — oi'gan pipes, medals, pewter pots, etc. — are 
liable to suffer from tin plague, and the results may sometimes 
be disastrous. 

Zinc occurs in many countries mainly in the form of its 
sulphide, ZnS, known as zinc blende. Some of the most im- 
portant deposits are found in the United States and at Broken 
Hill, Australia. The zinc is generally associated with other 
metals in the ore, so that the ore has first to be subjected to a 
process whereby the zinc is concentrated. The zinc concen- 
trate is then treated for the extraction of the metal, which in 
the crude state is known as spelter. 

Zinc is a bluish-white metal, the main uses of which are for 
the production of brass and for galvanising iron. It is also 
largely used in the construction of the Leclanche and dry cells. 
Oxide of zinc is used in surgical dusting powders and ointments, 
and as a pigment under the name of zinc white ; and a mixture 
of zinc sulphide and barium sulphate is also employed as a 
pigment under the name of lithopone. 

Although brass, an alloy of copper and zinc, was known at 
an early time, it was not till the sixteenth century that the 
individuality of the metal was recognised. The name, zinc, is 
first found in the writings of Paracelsus, who describes the metal 
as a quite unusual metal, remarkably rarer than the others.” 

Lead is obtained mainly from the sulphide, galena^ PbS, 
It is a heavy metal which has been known and used from the 
earliest times, and which also finds wide application at the present 
day. Owing to its resistance to atmospheric attack and to the 
action of acids, this metal is employed for roofing purposes, for 
sulphuric acid plant, for lining vats in which chemical processes 
are carried out, etc. It also finds a very widespread use in the 
manufacture of storage batteries. Lead is so plastic that it 
can be squirted, under pressure, through dies into the form of 
rods and pipes, and lead pip^s have been used from very early 
times for the conveyance of water. Water containing carbon 
dioxide in solution attacks lead fairly readily, but this action is 
checked by the presence of carbonates and sulphates of calcium 
and magnesium. Sin^e these salts are present in what is called 
hard water (p. 226), it follows that hard water attacks lead 
to a much less extent than distilled or than a soft moorland 
water Owing to the fact that lead in solution is poisonous. 
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the resistance of this metal to the action of water is of great 
importance in connection with the use of lead pipes for the 
conveyance of drinking water* Where the w^ater of a town'^s 
supply is very soft, it may be necessary to “ harden it some- 
'what by the introduction of small quantities of lime. 

Lead hardened by the addition of a small amount of arsenic 
is used in the manufacture of shot, and lead hardened by the 
addition of antimony finds use as type metal. Alloys of lead, 
tin and bismuth, or lead, tin, bismuth and cadmium, are used as 
fmihle metals^ some of wliich melt considerably below the boiling- 
point of water. Some of these low-melting alloys find applica- 
tion in automatic sprinklers, so that when the heat of a fire melts 
the alloy, w^ter escapes. 

Oxides of Lead. — Although lead is not readily attacked by 
oxygen at the ordinary temperature, it rapidly' unites with this 
element on being heated, and an oxide, lead monoxide (PbO), 
or litimrge — an oxide known to the ancients under various 
rfames — is formed. On heating this oxide in air to a dull red 
heat, a higher oxide, known as red leady Pb 304 , is obtained as a 
beautiful, scarlet, crystalline powder, w^hich is extensively used 
in the production of crystal *’*’ glass, and as a plumberis cement. 
This oxide, which was, how^ever, not always clearly distinguished 
from another well-known compound, cinnabar (sulphide of 
mercury) or vermilion, was called by Pliny, minium^ a name 
which the oxide still retains. In the opening centuries of the 
Christian era, as well as during the Middle Ages, minium was 
very widely used as a pigment by means of which the early 
writers and mediseval monks adorned their manuscripts. i It 
was observed by Priestley that when minium is treated with 
nitric acid, the colour changes, owing to the partial decom- 
position of minium and the formation of the puce-coloured lead 
dioxide, Pb02.“ This oxide, as has been pointed out, forms the 
material of the positive plate of the lead storage cell. 

White Lead. — As early" as the time of Theophrastus (373- 
287 B.C.) it was well known that when lead is exposed to the 
action of the vapour of vinegar (acetic acid) and air, the lead is 
converted into a white substance — cerussa, it was called at a 
later time by Pliny — and Geber describes -the preparation of 
this substance by placing lead above the vapour of vinegar.**'^ 
This white substance, which is now known to be basic lead 
carbonate, 2 PbC 03 ,Pb( 0 H) 2 , is still prepared in much the 

From this use of the pigment is derived the word miniature. 

‘ This may he represented by the equation : 

PbsO^ + 4 HNO 3 = FbO^ -F 2Pb(N03)2 4 - 21EL.0 
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same wav as two thousand years ago, and forms the pigment 
•white leach Lead plates are supported in eaidhemvare pots, on 
the bottom of wdiich is a layer of acetic acid. The pots are 
placed close together, hundreds of them, on a layer of spent and 



{Courtesy Etublissements Expert Besarn,^on. 
Manufacture of wMte lead. 

Tn the picture are shown the tiers of pots embedded in tanner's bark, and 
the strips c5 lead placed acioss the mouths of the pots. 
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fermenting tanner s bark spread on the floor of the building. 
The first tier of pots is covered by wooden boards on which a 
layer of tanner’s bark and a second tier of pots are placed ; 
and so on, tier above tier of pots, standing on fermenting tanner’s 
bark and containing plates of lead and acetic acid. As the bark 
ferments, heat is liberated and carbon dioxide is evolved. The 
acetic acid is vaporised, and in the presence of atmospheric oxygen 
attacks the lead plate so as to form a basic lead acetate, 
Pb(C 2 H 30 o) 2 ,Pb( 0 H) 2 . By the action of carbon dioxide, 
produced by the fermentation of the bark, the basic lead acetate 
is converted into basic lead carbonate, or white lead: In twelve 
or tliirteen weeks, the whole of the metal is converted into white 
lead. 

When exposed to air containing sulphuretted hydrogen (PIoS), 
white lead becomes dark, owing to the formation of black lead 
sulphide. 

Tungsten, a metal Tvhicli, as has been pointed out, finds a 
most important application in the manufacture of high-speed 
tool steel, is obtained from the mineral wolfram, a tungstate 
of iron and manganese. As the metal fuses only at a very high 
temperature, filaments of tungsten are now universally used in 
electric incandescent lamps. 

Alloys of tungsten, carbon and cobalt, called carholoy and 
widia (German, wie Diamani)^ can, on account of their diamond- 
like hardness, be used for metal-cutting tools. 

Nok-Ferrous Metals produced by Electrolysis 

The Alkali Metals. — Until the year 1807, the alkalis caustic 
potash and caustic soda were regarded by chemists as elements. 
In this year, however, Humphry Davy, at the Royal Institution, 
London, decided to try whether a decomposition of these sub- 
stances might not be brought about with the help of the voltaic 
cells, the invention of which some years previously had created 
such a sensation in scientific circles. Having constructed a 
battery of 150 cells, Davy placed a piece of potash on a platinum 
plate which was connected with the negative pole of the electric 
battery ; and as the dry potash does not conduct the electric 
current, Davy allowed it to become moist through taking up 
water vapour from the air. A Mre, connected with the positive 
pole of his battery, was then placed on the top of the moist 
potash. Under these circumstances,” to quote Davy’s own 
words, a vivid action was soon observed to take place. The 
potash began to fuse at both its points of electrisation. There 
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was a violent effervescence at tlie upper surface ; at the lower, 
or negative, surface, there was no liberation of electric fluid ; 
but small globules having a high metallic lustre, and being 
precisely similar in visible cliaracters to quicksilver, appeared, 
some of which burnt with explosion and bright flame, as soon as 
they were formed, and others remained, and were merely 
tarnished, and finally covered by a white film which formed on 
their surfaces."’^ Thereby proof was given of the compound 
nature of potash and a new element — a metal of most unusual 
properties — was added as an enrichment of scientific knowledge. 
The discovery aroused great interest, and as his brother relates : 

Da^y^s delight when he saw the minute shining globules burst 
through the crust of potash and take fire as they reached the 
air, was so great that he could not contain his joy ; he actually 
bounded about the room in ecstatic delight.’’’ Soon after, Davy 
succeeded also in isolating the metals, sodium, calcium, strontium, 
barium and magnesium. 

Sodium and Potassium, two metals of similar character, are 
at the present day produced by a method essentially the same as 
that employed by Da\y, namely, by the electrolysis of fused 
caustic soda (NaOH) and fused caustic potash (KOH). These 
two metals, unfamiliar doubtless to most people, are silvery- 
white in colour, and very lustrous. When exposed to the air, 
however, they tarnish immediately, owing to the readiness with 
which they react with the moisture in the air. They are soft, 
and of a cheese-like consistency, so that they can be readily cut 
with a knife. When brought into contact with water, they 
decompose it with great \dgour, with production of hydrogen 
and formation of caustic soda and caustic potash. Such, in 
fact, is the vigour of the reaction that the hydrogen which is 
liberated may become ignited and burn, with a yellow flame in 
the case of sodium, and a violet flame in the case of potassium. 
These metals find no application in ordinary life, but are used in 
considerable quantities in chemical manufactures. 

Sodium and potassium are the most important members of a 
natural family of univalent metals, all of which give rise to 
hydroxides which are strong alkalis. They are therefore spoken 
of as the alkali met ah. 

Aluminium . — Of the different substances produced with the 
aid of electricity, the best known and most important is the 
metal aluminium, at first named aluminum, and still so called in 
America. It is the most abundant of all the metallic elements 
in the world, but it occurs naturally only in combination with 
other elements. Although the sulphate of aluminium, called in 
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Latin alimien^ was known to and used as a mordant by the dyers 
of Egypt and the East before the beginning of the Christian era, 
and although potash alwn^ the double sulphate of potassium and 
aluminium. KAl(S 04 ) 2 J 2 H 20 , was manufactured in Europe as 
early as the fifteenth century, it was not till 182'7 that the metal 
was first definitely isolated, in the form of a powder, by the 
German chemist 'Friedrich Wohler (1800-1882). So difficult 
is it to extract the metal from its compounds by purely chemical 
methods, that it was not till 1845 that the metal was obtained 
in a compact form, and it was for long both rare and very costly. 
In 1886, however, C. AI. Hall, a graduate student at Oberlin 
College, Ohio, and soon after liim the French electro-chemist, 
Paul L. V. Heroult, showed that the metal could be isolated 
by the electrolysis of a solution of purified bauxite ^ or oxide of 
aluminium in molten cryolite (a naturally occurring compound, 
Na 3 AlF 0 , obtained from Greenland) ; and the entire world’s 
production of the metal is now obtained by this means. For the 
electrolysis, an iron bath, lined with graphite, is used and forms 
the cathode, while large carbon rods dipping into the molten 
mixture form the anode. As the current of electricity passes 
through the molten mass, aluminium separates out at the cathode 
and collects in the liquid form at the bottom of the bath, whence 
it can be run off from time to time. At the anode, the oxygen 
which is liberated combines with the carbon electrode, producing 
the poisonous gas carbon monoxide, which may either escape as 
such or burn to form carbon dioxide. 

Aluminium now occupies a permanent and ever-growing 
place in our modern life. Not only is the metal used for cooking 
utensils, but it is being employed more and more in various 
industries. With the development of the motor car, aluminium, 
on account of its lightness, finds ever-extending application, and 
it is essential for the construction of air-craft. It has, moreover, 
taken to some extent the place of copper for the transmission 
of electrical energy. The applications of aluminium, further, 
have been greatly extended owing to the discovery that some of 
the defects which militated against a more widespread use of 
the metal — its lo%v tensile strength and softness, for example — 
can be, to a large extent, removed by admixture with other 
metals or by subjecting it to suitable heat treatment. Some of 
the alloys which have thus been obtained possess properties of 
great value. With copper (about 90 per cent.), aluminium jdelds 
a bronze, aluminium bronze^ of great hardness and high tensile 

^ So called because deposits of this mineral ' were first found near Les Baux, 
in f^outhern France. 
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strength, which is practically not corrodible by sea-water ; and 
when added to brass, aluminium greatly increases the tenacity 
of that alloy. With the metal magnesium, aluminium forms a 
valuable alloy called magnalium (containing from 1 to 2 per cent, 
of magnesium), which is even lighter than aluminium itself and 
is equal to brass in strength ; and the construction of airships 
has been revolutionised by the discovery of the alloy duralumin^ 
an alloy of aluminium with copper (4 per cent.), magnesium 
(0-5 per cent.) and manganese (0-5 per cent.) This alloy, 
while having a tensile strength equal to or greater than steel, 
has only one-third of its weight. 

It has already (p. 171) been pointed out tliat aluminium 
readily combines with the oxygen of the air, if the protective 
film of oxide is constantly removed. The great affinity of 
aluminium for oxygen which is thereby indicated, enables the 
metal to combine with great vigour not only ^vith elementary 
oxygen, but also with the oxygen contained in compounds. 
Thus, for example, in the so-called thermit process,’’*' oxide of 
iron is mixed with powdered aluminium, and the mass strongly 
heated at one point by means of a special ignition mixture. The 
aluminium combines with the oxygen of the oxide of iron, and so 
much heat is thereby generated, that the combustion rapidly 
spreads throughout the whole mass. Oxide of aluminium is 
formed, and the metallic iron which is set free is fused. This 
process is applied to the welding of steel rails and to the repair 
in situ of broken castings, shafting, etc. For this purpose, the 
molten iron which is produced in the reaction and which has 
been raised to a temperature of nearly 3000"^ C., is run into a 
mould formed round the ends of the fractured metal. The metal 
is thus raised to such a high temperature that the broken ends 
can be welded by pressure, or the fracture may be filled with 
fresh iron and a solid joint effected. 

By means of aluminium, oxides of other metals can be 
reduced, and by this means chromium, manganese and titanium, 
which formerly could be extracted only with difficulty, can now 
be obtained economically and with ease. 

Artificial Rubies and Sapphires. — The high temperature 
produced by means of the oxy-hydrogen blowpipe flame (p. 223) 
has found an interesting and important application in the manu 
facture of artificial rubies and sapphires. These gems consist 
essentially of oxide of aluminium (alumina), AI 2 O 3 , a substance 
which occurs naturally as corundum, and, in an impure state, 
as emery. It is a very refractory substance, but it can be melted 
in the oxy-hydrogen blowpipe flame. When a mixture of 97-5 per 
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cent, of aliuniiia and 2-5 per cent, of oxide of cliromium is lieated 
in tlie blowpipe tlaine, it is fused, and, on cooling, solidifies in 
the crystalline form of the ruby. It is a ruby, identical in 
chemical and physical properties with the natural gem ; and it 
ditf*ers from the latter solely in minute irregularities of internal 
structure detectible only hy the eye of the expert. In the 
manner described artificial rubies weigliing as much as eighty 
carats, or over half an ounce avoirdupois, have been obtained. 
These artificial rubies, on account of their great hardness, are 
now manufactured in large quantities for use in the bearings of 
watches and for other purposes. 

Sappliires can be obtained in a similar manner by fusing a 
mixture of alumina and small quantities of the oxides of titanium 
and iron. 

Magnesium, the metal to which reference was made above, 
is obtained by the electrolysis of fused magnesium chloride. It 
is a gi'ey-coloured metal with a density of only 1*74. First pro- 
duced commercially in England in 1864, its chief use was for the 
preparation of flash-lights ” in photography, because, on 
burning, it emits a light which is photographically very active. 
The Great War, however, created a gi'eatly increased demand 
for the metal for use in star shells and other signalling devices. 



CHAPTER XX 

VELOCITY OF REACTIONS AND CATALYSIS 

The overtlirow of the phlogiston theory by Lavoisier towards 
the end of the eighteenth, and the enunciation of the atomic 
theory by Dalton early in the nineteenth century, marked the 
beginning of a new era in chemical science, when the activities of 
chemists were directed in an increasing degree to the preparation 
and quantitative determination of the composition of new sub- 
stances and naturally occurring materials, as well also as to the 
determination of the atomic weights of the elements. Moreover, 
the study of the compounds of carbon, a branch of science to 
which the name of Organic Chemistry is applied, began to be 
developed with an ever-increasing energy ; and in this domain, 
the problems connected with the constitution of the molecule, 
that is, with the arrangement of the atoms within the molecule, 
were so important for the proper understanding of the enormous 
array of substances which chemists were able to prepare, that 
such questions exercised, and very properly exercised, a powerful 
fascination over the workers in that branch of chemistry. The 
quite wonderful results which were thereby obtained not only 
had their value in the domain of theoretical chemistry, but led 
to some of the most brilliant achievements of practical chemical 
science — to the preparation of drugs, dyes, perfumes, and many 
other materials of the greatest industrial and, one may say, 
human value — so that one need not hesitate to regard such work 
as amongst the most important in the whole history of the 
science. The workers who achieved such splendid successes, 
regarded chemical reactions entirely or mainly from the material 
point of view, from the point of view of the substances under- 
going change and of the substances produced by the change ; 
but there is clearly another aspect of the subj ect which demands 
attention. Just as we have already recognised that substances 
are carriers of energy, and that a chemical reaction or chemical 
change is a mode of transforming chemical energy into other 
forms of energy, so also in modern chemistry one is concerned 
not merely with the material products of chemical change, but 
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also with the process of chemical change itself. Why does a 
chemical reaction take place, and what are the laws governing 
the 1 ‘ate at which and the extent to which a chemical reaction 
proceeds ? These ax'e the questions wliich chemical dynamics, 
one of the most important branches of modern chemistry, seeks 
to answer. 

Although it is not possible to discuss the subject fully here, 
the attempt must be made to give some indication of the more 
general principles in order that one may gain a better apprecia- 
tion of present-day chemistry and a more intelligent under- 
standing of some of the most recent and economically most 
important industrial processes, the development and success of 
which depend on d}mamical investigations. 

Chemical Affinity. — When, in the thirteenth century, the 
great Dominican monk and Bishop of Regensburg, Albertus 
Magkus, used, in his de 7'ebiis metallicis^ the word affinitas,*’’’ 
he merely summed up \iews derived from ancient Greek philo- 
sophy and current at that time, that chemical reaction is due to 
a similarity or kinsliip between the reacting substances ; or, as 
maintained by Hippocrates, that “ like unites only with like.’’ In 
the eighteenth century, however, this view was abandoned by 
Boerhaave (1732) and others, who maintained that dissimilar 
substances show the greatest tendency to combine ; and, at the 
present time, the term affinity or chemical affinity, although 
still in use, must be regarded not as signifying any natural 
resemblance or family relationship, but rather as a force, 
electrical in nature, which acts between different kinds of matter 
and which, under certain conditions, brings about a chemical 
action between them. The existence of this force is postulated 
in order to account for the fact that chemical change or reaction 
will take place between substances when thereby potential 
energy can be converted into work. 

Affinity, or chemical affinity, it should be noted, does not 
give an eoeplanation of chemical change ; it is, rather, a measure 
of the work done by a system when it undergoes change. It is 
equivalent to the electromotive force of a voltaic cell (and in the 
case of reactions between electrol 3 rtes this is the best measure 
of affinity), or the height of fall of water. An explanation of 
chemical change is rather to be found in the electronic constitu- 
tion of matter, as discussed in Chapter VI. 

Law of Mass Action. — One of the most important factors in 
the process of chemical change is the speed with which it takes 
place, the velocity of the reaction. That there are great 
differences in the rate at which chemical change takes place is 
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SO obvious as almost to render its emphasis unnecessarv. The 
rusting of iron, the oxidation of aluminium, the burning of wood, 
the explosion of gun-cotton, are chemical changes which take 
place with markedly different velocities. These great differences 
in the rate of reaction we shall be inclined to attribute to 
differences in the chemical affinity, and in doing so we shall be 
right, but only partly right ; for when one studies the process of 
chemical change more fully, it is found that the rate of a reaction 
does not depend merely on chemical affinity, but also on a number 
of other factors the nature of which is not always clearly 
understood. 

Even in the case of one and the same reaction, the velocity 
of change may be markedly affected by various factors, of which 
one of the most important is the concentration of the reacting 
substances, that is, the amount of the substances in a given 
volume. We shall be able to understand this more readily if we 
fix our attention, for the present, on reactions between gaseous 
substances. When a substance is in the gaseous state, its 
molecules are supposed, according to the kinetic theory of 
matter, to be moving about with great velocity in all directions, 
and combination or reaction between two substances, A and B, 
can take place only when molecules of A and B collide or come 
within each other'’s sphere of influence. If, then, there are a 
certain number of molecules of A and of B moving about in a 
given space, an A molecule will encounter a B molecule a certain 
number of times per second, and the rate of reaction, therefore, 
will have a certain value. Suppose that the number of B mole- 
cules is now doubled. It is clear that in the same unit of time, 
an A molecule will now have double the number of chances of 
encountering a B molecule and of entering into reaction with 
it, and the rate of reaction will therefore be twice as great as it 
was originally. Similarly, if the concentration not only of the 
B molecules but also of the A molecules be doubled, then it is 
clear that the rate of reaction will again be doubled ; that is, 
the reaction now takes place four times as fast as it would have 
done with the original concentrations of the tw^o substances. 
The speed of a reaction^ in short, is proportional to the product of 
concentrations of the reacting substances^ the concentration being 
expressed in gram-molecules per litre. This law of the de- 
pendence of the speed of a chemical change on the concentra- 
tions of the reacting substances is generally known as the 
Law of Mass Action — it might more correctly be called the 
law of concentration action — and was enunciated in 1867 by 
two Norwegian scientists, Cato Maximilian Guldberg (1836— 
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1902)5 who became Professor of Ivlatliematics in the University 
of Ms native town of Christiania (Oslo), and his brother-in-law, 
Peter Waage (1833-1900), who was born at Flekkefjord, in 
Southern Norway^ and in 1862 became Professor of Chemistry 
in the University of Christiania. 

The Telocity of chemical change, however, is also very great! v 
influenced by the temperature^ a fact to which we have already 
alluded (p. 169). Although the speed of different reactions is 
affected in a different degree by temperature, it may be taken as 
a convenient approximation that the speed of a reaction is 
doubled by raising the temperature 10° C. A simple calculation 
Till show what the magnitude of this effect may be. Suppose 
that a reaction requires one second for its completion at 0° C. 
At 100°, the boiling-point of water, the same change would take 
place in about one-thousandth of a second ; and if the tempera- 
ture be raised but a little more, say to 200° C., the time required 
for the change will now be only about one-millionth of a second. 
On the other hand, a change which would require one second to 
take place at 200°, would need, at 0°, a period of a million 
seconds, that is, about eleven and a half days. This influence 
of temperature is of the greatest importance, and on its recog- 
nition may depend the success of an industrial process. 

Reversible Reactions and Equilibrium. — A further very 
important result which has followed from the dynamical study 
of chemical reactions is the recognition of the fact that chemical 
changes are reversible^ and that the direction in which reaction 
between different substances takes place depends not merely 
on chemical affinity but on the relative concentrations of the 
different substances. When steam (oxide of hydrogen) is passed 
over heated iron, oxide of iron and hydrogen are produced. On 
the other hand, when hydrogen is passed over heated oxide of 
iron, steam (oxide of hydrogen) and metallic iron are formed. 
This fact is represented by means of two oppositely directed 
arrows in place of the symbol of equality in the chemical equation, 
thus : 

3Fe + 4H2O ^ Fe304 + 4H. 

Iron. Water vapour. Iron oxide. Hydrogen, 

In the former case, the steam is present in large abundance, 
whereas the hydrogen which is formed is swept away and cannot, 
therefore, react with the oxide of iron. In the latter case, the 
hydrogen is present in abundance, while the water vapour is 
carried away in the stream of gas and so is prevented from 
reacting with the metallic iron. By altering the relative con- 
centrations of the steam and the hydrogen, therefore, one can 
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cause reaction to take place in wliicliever direction one pleases. 
Suppose, now, that the experiment is arranged in such a way as 
to prevent the removal of the hydrogen or of the steam, as can 
be done by heating all four substances together in a closed 
vessel, then it wall be found that both reactions will take place ; 
steam will react with iron, and hydrogen will react with oxide 
of iron, so that finally a state of balance or ^equilibrium will be 
produced, at which there will be a certain definite relationship 
between the concentration of the steam and the concentration 
of the hydrogen.i 

The production of a state of equilibrium must not be inter- 
preted as indicating that there is a complete cessation of chemical 
change, but rather that the velocities of the two opposing 
reactions have become equal. If, therefore, the concentration, 
say, of hydrogen is increased, by pumping hydrogen into the 
reaction vessel, the velocity of reaction between hydrogen and 
oxide of iron will be increased, and so a further amount of oxide 
of iron will be reduced to the metallic state, with production 
also of a further quantity of water vapour. 

The fact that a reversible reaction may be made to take 
place in one direction or the other by altering the concentrations 
of the reacting substances, can be demonstrated by means of 
the reactions represented by the equation : 

FeClg + 3NH4CNS ^ Fe(CNS)3 + SNH^Cl 

Ferric Ammonium Feme Ammonium 

chloride. thiocyanate. thiocyanate. chloride. 

Solutions of ferric chloride and ammonium thiocyanate are 
prepared which contain about ; 3 -^X)-th of a gram-molecule of the 
salt {i,e, 0*54 gram of ferric chloride and 0*25 gram of ammonium 
thiocyanate) per litre. When equal volumes of these solutions 
are mixed, a blood-red coloration is produced, due to the forma- 
tion of ferric thiocyanate. The liquid is now divided into two 
parts ; to one part is added solid ammonium thiocyanate, and 
to the other, solid ammonium chloride. In the former case, the 
colour becomes much deeper, showing that more ferric thio- 
cyanate is formed ; the reaction therefore takes place from left 
to right. In the latter case, the colour becomes paler, showing 
that the concentration of the ferric thiocyanate is diminished ; 
the reaction therefore takes place from right to left. 

^ The reaction is regarded here as taking place in the gaseous state, and, 
consequ^tly, the concentration of the iron and of the iron oxide molecules may 
be regarded as constant, so long as these two substances are present in the solid 
state. The justification of this is that the concentration depends on the vapour 
pr^ui^, and this, however small it may be, is constant at a given temperatuie. 

M 



322 THE SPIKIT OF CHEMISTRY 

Theorem of Le Chatelier. — In the case of any given 
reversible process, the same state of balance or equilibrium is 
reached, so long as the temperature is kept constant, the equi- 
librium condition being, in general, in accordance with the 
expression : 

product of concentrations of reactants 

1 . - St n t 

product of concentrations of resultants 

The reactants are the substances on the left side of the chemical 
equation and the resultants the substances on the right. By 
raising or lowering the temperature the one or the other reaction 
can be caused to take place to a greater and greater extent, and 
the direction in wliich the equilibrium is thereby altered is 
found to be intimately associated with the heat effects which 
accompany the chemical change. The law which obtains here 
can be stated in a simple form, it being borne in mind that if 
one reaction is accompanied by an evolution of heat, the reverse 
reaction must be accompanied by an absorption of heat. The 
law referred to states : When the temperature is raised^ the 
reaction which takes place with absorption of heat^ is favoured ; 
whereas lowering the temperature favours the reaction which takes 
place with evolution of heat. Only when no heat effect accom- 
panies chemical change is the equilibrium unaffected by change 
of temperature. This law is part of a general theorem enunciated 
in 18^ by Hexri Louis Le Chatelier, Professor of Chemistry 
in the University of Paris, and known as the Theorem of Le 
Chatelier. 

The discovery of the laws of chemical change, and the recog- 
nition that, theoretically at least, all reactions are reversible, 
mark one of the most important advances in our knowledge of 
chemical processes and of the action of chemical affinity. Some 
of the consequences which flow from this will be discussed in 
the sequel. 

Catalysis. — Although, as has been said, the progress of a 
chemical reaction and the rate at which a chemical change 
proceeds, are influenced both by the concentration of the sub- 
stances and by the temperature, it is found that the velocity of a 
chemical reaction may also be profoundly affected in another 
way which, on account of its very great importance both in the 
laboratory and in the factory, demands a fuller consideration. 

In the early decades of last century, a number of phenomena 
were observed which, although isolated and apparently un- 
connected, all possessed one common characteristic, namely, 
that the rate at which a chemical change or process takes place 
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is increased to a greater or less extent, by the addition of certain 
substances in minute, sometimes in almost infinitely minute, 
amount. Owing to such additions, it was found, substances 
which seemed, under the particular conditions, to be without 
action on each other, reacted with appreciable, sometimes even 
with great, readiness. From the magnitude of the result pro- 
duced, it was evident that the foreign substance could not enter 
into the reaction in the ordinary way ; but, as the Swedish 
chemist, Berzelius, pointed out, the substance which was added 
appeared to act merely by its presence and by arousing the 
slumbering affinities of the substances,” and so allowing them 
to react. How these slumbering affinities were aroused, Berzelius 
did not hazard a guess, but in order to give a name under which 
such phenomena could be classed, he introduced, in 1838, the 
term catalysis ” (a word which signifies a loosening) ; and a 
substance which brings about catalysis is called a catalytic 
agent or a catalyst.^’ For long the phenomenon of catalysis, 
of which the number of cases observ^ed rapidly increased during 
the nineteenth century, was regarded by chemists as Gulliver 
was regarded by the learned men of Brobdingnag, as a lusus 
7UVburcB ; it was relegated to the realm of the mysterious, and 
chemists became only too prone to think that the label of catalysis 
was at the same time an explanation of the phenomenon. It 
was, indeed, only towards the end of last century, and owing to 
the development of the experimental methods of measuring the 
rate of chemical change, that the phenomenon of catalysis and 
the behaviour of catalysts began to form the subject of systematic 
investigation. This renewed investigation of catalytic pheno- 
mena was undertaken mainly under the influence of Wilhelm 
OsTWALD,! who emphasised that the most characteristic feature 
of the phenomenon was the change in the velocity of reaction, and 
insisted that before any explanation of the action could be 
attempted, it was necessary to investigate quantitatively how 
the velocity of a reaction is altered by the presence of catalysts. 
Moreover, in order that the field of investigation might be de- 
limited, Ostwald defined a catalyst as any substance which with- 
out itself appearing in the f7ial products qfreaction^alters the velocity 
with which that reaction takes place ” ; that is to say, the catalyst 
undergoes no change in amount or in chemical composition 
during the reaction. In the preparation of oxygen, for example, 
by heating potassium chlorate, the decomposition of this salt is 

^ WiUielm Friedrioli Ostwald was bom at Riga in 1853, and from 1887 to 1^05 
occnpied the Chair of Physical Chemistry in the University of Leipzig. In 1909, 
he was awarded the Nobel Prize in Chemistry. 
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greatly accelerated by manganese dioxide (p. 152), the whole of 
which can be recovered at the end of the reaction. Moreover, the 
reaction velocity may be diminished (negative catalysis) as well 
as increased (positive catalysis), but the latter behaviour is the 
commoner and more important. 

It is important to bear in mind that one is dealing here merely 
with the definition of a term, not with the explanation of a 
process, and it is therefore open to any one to define the term 
otherwise. It is a qiiestion merely of suitability and convenience. 

Since, by definition, the catalyst remains unchanged in 
amount and chemical composition, it cannot give up energy to 
the reaction, and cannot, therefore, alter the driving force of 
the reaction. It can increase the speed of a reaction only by 
diminishing the resistance to chemical change (whatever the 
nature of the resistance may be) ; or, as Ostwald has put it, 
a catalyst acts like a lubricant in the bearings of a machine. 
The presence of the lubricant enables the machine to run more 
rapidly, but the lubricant itself is not used up in the process. 
One must not, however, press the analogy unduly, for although 
the catalyst may undergo no diminution in amount or permanent 
change in chemical composition, its physical state may be 
altered. Compact manganese dioxide, for example, when used 
as a catalyst for the decomposition of potassium chlorate, may 
be disintegrated to a powder, and a smooth platinum surface 
becomes roughened when used as a catalyst for the oxidation of 
ammonia to nitric acid (p. 373). 

Small Causes and Great Effects. — As has already been 
indicated, one of the most striking features of catalysis is the 
magnitude of the effect produced, compared with the small 
amount of the substance producing it. An excellent illustration 
of 4:his is seen in the influence which moisture exercises on the 
rate of combination of gaseous substances. When hydrogen 
and oxygen, the two gaseous substances by whose combination 
water is formed, are heated together, they combine, and if the 
temperature is sufficiently high, say about 600"^ C., the combma^ 
tion takes place with explosive violence. But this occurs only 
when a trace of moisture is present in the gases. If the last 
traces of moisture are removed from the gases by prolonged 
contact with phosphorus pentoxide — a substance which, as has 
been pointed out, combines with the greatest avidity with water 
— ^the mixture of hydrogen and oxygen can then be heated even 
to a temperature of nearly 1000° C., without explosion occurring. 
Not only in the case of hydrogen and oxygen, but in the case 
also of many other gases {e,g. carbon monoxide and oxygen), 
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combination is found to depend on tbe presence of moisture, of 
which, however, the merest trace suffices. 

In astronomy, one deals with magnitudes so vast as to be 
beyond the grasp of our minds. In the domain of catalysis, the 
magnitudes are, in some cases, so small that it becomes almost 
equally impossible to form a true conception of them. The 
effect of almost inconceivably small amounts of moisture, such as 
may still be‘ left in a gas which has been dried by means of con- 
centrated sulphuric acid, has already been indicated ; and the 
influence of minute quantities of other catalysts on the velocity 
of a reaction may be illustrated by various reactions which take 
place in solution. Thus the velocity of the reaction : 

H 2 O 2 + 2HI = I^ + 2 H 2 O 

Hydrogen peroxide. Hydriodic acid. Iodine. Water. 

is more than doubled by the presence of molybdic acid in a con- 
centration of 1 gram-molecule (162 grams of H 2 M 0 O 4 ) in 

1 . 000 . 000 litres ; and the accelerating influence can be detected 
even when the concentration is 1 gram-molecule in 32,000,000 
litres. A similar accelerating power is shown by tungstic acid. 

A still more striking case of catalytic acceleration is found 
in the influence of copper on the oxidation of solutions of sodium 
sulphite (Na 2 S 03 ) by oxygen so as to form sodium sulphate 
(Na 2 S 04 ). In the absence of catalysts, this reaction takes 
place only slowly, but the rate of oxidation is enormously in- 
creased by the presence of small quantities of the salts of the 
heavy metals, more especially of copper. Thus, the presence of 
even 6-36 grams of copper, in the form of copper ions, in 

100.000. 000 litres 1 (or 6-38 x 10 ^ gram in 1 litre), can be readily 
detected by its cataljrtic action. Even water which has remained 
in contact with metallic copper for three-quarters of a minute, 
contains sufficient copper to show a noticeable effect. An 
impressive illustration, surely, of the importance of the infinitely 
small. 

In general, catalytic acceleration is proportional to the 
concentration of the catalyst ; but when two catalysts are added 
to the reaction mixture, the effect is sometimes merely additive 
and sometimes there is a mutual strengthening or a mutual 
diminution of the catalytic effect. Sometimes, again, the 
addition of a substance which ilself has no catalytic action, may 
increase the activity of a catalyst aheady present. Such a 
substance is spoken of as a promoter. This action is very 


^ About 1 grain in 250,000 cubic feet (1,557,000 imperial gallons) of water. 
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commonly met with in the case of solid catalysts in heterogeneous 
systems (see below). 

Autocatalysis. — Not only may the velocity of a reaction be 
altered by the addition of a substance which is foreign to the 
reacting system, but it may also be altered either by one of the 
substances which are themselves undergoing reaction, or by one 
of the products of reaction. When pure nitric acid is poured on 
copper at the ordinary temperature, no immediate reaction is 
observed. The pure acid acts only very slowly. Gradually, 
however, the rate of reaction becomes greater and greater because 
the nitrous acid^ HNO 25 which is produced in the course of the 
action by the reduction of nitric acid (HNO 3 ), acts catalytically 
and accelerates the process. 

Negative Catalysis. — Not only may the velocity of a reaction 
be increased by a catalyst, but it may also be decreased. This 
is the phenomenon of negative catalysis. Thus, although 
moisture accelerates the combination of hydrogen and oxygen, 
it retards the decomposition of ammonia ; and whereas a copper 
salt greatly accelerates the oxidation of sodium sulphite by 
oxygen, a tin salt is only about twenty times less elfective in 
retarding the oxidation. Further, the oxidation of sodium 
sulphite by oxygen is greatly retarded by sm^ll quantities of 
various alkaloids. Even a puff of tobacco smoke (containing 
nicotine) through the solution produces a detectible retardation 
of the oxidation. 

At the present time negative catalysts or inhibitors of 
chemical change find many important applications. Hydrogen 
peroxide which, as has been pointed out, somewhat readily 
undergoes decomposition, can be stabilised by addition of a 
small amount of phenacetin, and the oxidation process which 
causes rubber and silk, for example, to perish,’’ can be greatly 
retarded by means of thiourea, CS(NH 2)23 and other substances. 

Catalysis in Heterogeneous Systems. — Catalysis may occur 
not only in homogeneous but also in heterogeneous systems, as 
when solid substances act as catalysts in gaseous and liquid 
systems. As early as 1817, Sir Humphry Davy discovered that 
when a spiral of platinum wire, slightly heated, was suspended 
in a vessel containing a little alcohol, the oxidation of the alcohol 
vapour by the oxygen of the air took place so rapidly at the 
surface of the platinum ware, that the latter was speedily raised 
to incandescence, and a lamp without flame ” was thus 
obtained. Unlimited quantities of alcohol vapour can thus 
be caused to burn rapidly by the same piece of platinum*, and the 
latter betrays no sign of change in the process. Similarly, 



TELOCITY OF REACTIONS AND CATALYSIS 


327 


platinum accelerates the combustion of hydrogen, carbon 
monoxide^ ammonia (p. 373), and many other gases ; and since 
the catalytic action can take place only at the surface of the 
catalyst, the effectiveness of the latter will be all the greater 
the more finely divided it is, or the greater the surface exposed. 
Thus, if finely divided platinum, known as platinum black, be 
introduced into a mixture of hydrogen and oxygen at the ordinary 
temperature, the combination of the two gases may be accelerated 
to such an extent that the platinum becomes red hot, from the 
heat of combustion, and brings about the explosive combination 
of the gases. Catalysis which, as in the case just considered, 
takes place at a surface of contact, is known as contact catalysis. 

The remarkable behaviour of finely divided platinum to 
which reference has just been made, greatly impressed, as well 
it might, the minds of the early observers, and was not long in 
receiving a practical application. In 1823 it was observed by 
Dobereiner that when a jet of hydrogen was allowed to impinge 
on a piece of spongy platinum exposed to the air, the heat of 
combustion of the hydrogen raised the platinum to incandescence 
and the hydrogen became ignited. Dobereiner constructed an 
apparatus in winch hydrogen was produced by the action of 
sulphuric acid on zinc ; and when a tap was opened the gas 
escaped in a fine jet and impinged on a piece of spongy platinum. 
In this way fire could be obtained, and, as a matter of fact, this 
Dobereiner lamp was largely used for that purpose before the 
days of matches. 

Spongy platinum is also used in certain automatic gas lighters 
which are on the market. These, however, lose their effective- 
ness after a time owing to the poisoning ’’ or destruction of 
the catalytic activity of the platinum by impurities present in 
the gas. 

Although platinum is by no means a universal catalyst for 
all reactions — no such universal catalyst is known — ^it has never- 
theless been found that platinum acts very generally as a 
catalytic accelerator of oxidation reactions, or reactions in which 
gaseous oxygen takes part. Oxide of cerium, which forms a 
small part of the Welsbach incandescent gas mantle, also acts 
as a catalyst and accelerates the combustion of the coal gas. 

Since, in contact catalysis, the effectiveness of the catalyst 
depends on the extent of surface exposed, it is found that sub- 
stances in the state of fine subdivision known as the colloidal 
state (Chapter XXV) are very effective as catalysts ; and the 
action of colloidal platinum, for example, has received a large 
amount of study. As in the case of homogeneous catalysis, so 
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also liere, one is impi'essed by the magnitude of the effect brought 
about by small quantities of the catalyst. Thus, in the catalytic 
acceleration of the combination of hydrogen and oxygen by 
colloidal platinum it was found that 2*5 c.c. of a colloidal platinum 
solution, containing only 0*17 milligram of the metal, sufficed to 
bring about the combination of hydrogen and oxygen at the 
rate of 1*8 c.c. of the mixed gas per minute. This rate, moreover, 
was maintained over a period of fourteen days, with interruptions 
at night, and during this time about ten litres of the gas had 
undergone combination. Even then the activity of the platinum 
was unimpaired. 

Not less remarkable is the catalytic action of colloidal 
platinum in accelerating the decomposition of hydrogen peroxide, 
the catalytic activity being detectible even when the colloidal 
platinum is present only in the amount of 1 gram-atom (195*2 
grams) in 70,000,000 litres. 

Enzymes as Catalysts. — ^In the action of the inorganic 
colloidal catalysts, one finds a very interesting model of the 
action of the organic enzymes in accelerating the complex 
analytic and synthetic processes which go on in the living 
organism, and which are concerned in the large class of reactions 
generally referred to as fermentation processes. 

The explanation of the fermentation i process— a term at 
first applied to ail changes which are accompanied by effervescence 
due to the escape of gas — is one which has been accepted by 
science only during the present century. Prior to 1857, chemists 
and biologists were divided in their views. Some favoured the 
physical and chemical explanation put forward by Berzelius, who 
likened fermentation to the decomposition of hydrogen peroxide 
under the catalytic action of platinum, while others regarded the 
process as the direct result of vital activity. The question 
seemed definitely to be settled when, in 1857, Pasteur, to whose 
genius the advance of science in many directions is due, proved 
conclusively that all fermentative changes are associated with 
living organisms. The vitalistic explanation, therefore, summed 
up in the well-known phrase, No fermentation without life,^’ 
became generally accepted. For a considerable time the view 
was held that the fermentation processes are the result of the 
direct action of the living organism on the fermentable material ; 
but doubt arose when cases began to accumulate of changes 
brought about by substances, e,g. diastase and pepsin, which 
are the product, certainly, of life but are not themselves living. 
The matter was put beyond dispute when, in 1897, the German 
^ From the lus^tia fervere, to boil. 
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chemist, Eduard Buchner, showed that, in the production of 
alcohol from sugar, the fermentation is brought about not by 
the direct action of the li\ing organism, but by a substance, 
which he called zymase^ produced bj" and contained in the cell 
of the yeast. It is now generally accepted, therefore, that 
fermentation changes are produced hy substances which although 
produced by lining organisms are not themselves living ; and to 
these substances the name enzyme^ suggested by the German 
physiologist, W. Kuhne, in 1878, is applied. 

The enzymes, then, are catalysts which are produced in the 
living cells of plants and animals — even in the humble cells of the 
micro-organisms, yeasts, bacteria and moulds — and through the 
presence of \vhich the varied changes of an ever-changing Nature 
take place. Putrefaction and decay ; the souring and curdling 
of milk ; the production of the dye-stuff indigo from the com- 
pound indican contained in the woad ; the ‘‘‘‘ puering of hides 
and the curing of tobacco ; the development of the pungent 
flavour of mustard and the production of benzaldehyde or oil of 
bitter almonds from the amygdalin contained in the almond 
seed ; all these and many other processes by which complex 
organic material is broken down into simpler substances, are 
brought about under the catalytic influence of appropriate 
enzymes produced in the cells of living organisms. 

Like the inorganic catalysts, the organic catalysts or enzymes 
are specific in their action. The enzyme maltase, for example, 
accelerates the conversion (hydrolysis) of maltose (malt sugar) 
to glucose but is without action on cane sugar (sucrose) ; and 
invertase, similarly, accelerates the hydrolysis of sucrose but not 
of maltose. For the conversion of starch to glucose, also, a 
special enzyme, diastase, is produced in the sprouting barley 
corn ; and the hydrolysis of proteins is accelerated by the 
pepsin in the gastric juice and the trypsin secreted by the 
pancreas. And so, in the busy laboratory of the living organism, 
the numerous and varied processes of analysis and synthesis, 
oxidation and reduction, are carried out under the influence of 
appropriate enzymes or catalysts which regulate the rate at which 
the reactions take place to that required for the healthy function- 
ing of the organism as a whole. Interference with the pro- 
duction or action of these catalysts results in disturbances of 
the life processes, disease and, it may be, death. 

Not only do the eirzymes play an indispensable role in the 
economy of Natinre, but they also play an essential part in many 
of the most important industrial processes, such as that which 
^ From the Greek h (en zyme), in yeast. 
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lias been carried on from an early period in man‘’s history, the 
production of alcohol by the fermentation of sugar. The recent 
study of chemical processes brought about under the influence 
of enzymes has led to a great increase in the industrial utilisation 
of enzyme-producing micro-organisms. 

The “Poisoning” of Catalysts. — Reference has been made 
to the occurrence of negative catalysis, and the phenomenon can, 
in many cases at least, be regarded as due to the destruction or 
repression of the cataljlic activity of a catalyst by another 
substance. This inactivation has long been known and is met 
wdth among the inorganic as well as among the organic catalysts ; 
and in analog}" with the action of certain substances on the 
catalytic acthity of cell enzymes, the term “ poison ” is very 
generally applied to substances which bring about a repression 
of positive catalysis. The poisoning of colloidal platinum as a 
catalyst for the decomposition of hydrogen peroxide has been 
fully investigated, and it has been found, for example, that the 
catalytic actmty of the platinum can be noticeably reduced by 
hydrocyanic acid (HCN) or prussic acid,” even when the 
concentration of the latter is only 1 gram-molecule (27 grams) in 
20,000,000 litres. 

The possibility that a catalyst may be “ poisoned by even 
small amounts of impurity present in a reaction mixture or 
formed in the course of a reaction, is of the greatest theoretical 
and practical importance, and must constantly be borne in 
mind. 

Mechanism of Catalysis. — Although a very wide range of 
catalytic phenomena has been subjected to most careful in- 
vestigation, the mechanism of catalysis cannot yet be said to 
have been fully and adequately explained. In a considerable 
number of cases, cases of so-called transfer catalysis, the most 
plausible and acceptable explanation is to be found in the 
assumption that a slightly stable compound is formed between 
the catalyst and one of the reacting substances, and that this 
compound then undergoes reaction with the other reactant with 
formation of the reaction product and re-generation of the 
catalyst. Oi', in other words, if A and B are the reactants and C 
is the catalyst, formation of the reaction product AB would 
take place in the two stages : A+C->AC and AC+B"^^B+C* 
In these cases, the one reacting substance is carried or trans- 
ferred, as it were, to the other reacting substance. 

Although there is much experimental evidence in support of 
such an explanation, there still remains unanswered the ques- 
tion : Why does a reaction take place more rapidly by indirect 
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stages, that is, by alternate formation and decomposition of an 
intermediate compound, than directly in one simple process ? 
This question cannot yet be adequately answered. 

In the case of contact catalysis, it seems probable that 
catalytic acceleration is brought about by an adsorption or 
condensation of the reacting substances on the surface of the 
catalyst, whereby the effective concentration of the reacting 
substances is increased. To explain this adsorption effect, the 
view has been advanced, more especially by H. S. Taylor, of 
Princeton University, that at the surface of the catalytically 
active solid the crystalline structure is not compact but rather 
dendritic (p. 127) in character, as indicated in Fig. 67 ; and that 
the atoms forming the dendrites have therefore free valencies 
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Fig. 67. — Catalytic surface of nickel. 

by which they can unite, in a slightly stable manner, with the 
substances undergoing reaction. 

Catalysis in Industry, — ^In the manufacturing industries, it 
may truly be said that time is money ; and to produce an article 
of manufacture at a more rapid rate is the same as saving time. 
And this is just what a catalyst enables one to do. During the 
present century, more especially, the value of catalysts in industry 
has become increasingly recognised, and the systematic search 
for a suitable and effective catalyst for a given reaction is a 
well-established part of chemical investigation. As a result 
of this, reactions which by reason of their sluggishness are 
industrially useless, have been developed into great and im- 
portant industries through the acceleration of the reaction by 
suitable catalysts. In this way there have developed the great 
industries of synthetic ammonia and nitric acid (p. 871), of 
contact sulphuric acid (p. 345), of the hydrogenation of oils 
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(p. 436), etc., which will be discussed later. The twentieth 
century, in fact, might be called the catalytic age in chemical 
manufacture. 

Mention has already been made of the fact that the action 
of catalysts is largely specific, and by a proper choice of catalyst 
and regulation of the conditions of reaction, it is found that the 
same substances may be made to react in various ways. No 
better illustration of these statements, perhaps, could be obtained 
than what is offered by the numerous products which can be 
obtained from the mixture of carbon monoxide and hydrogen 
known as water gas, which is produced, it may be recalled, by 
the passage of steam over red-hot coke. 

Until about 1925, methyl alcohol (methanol) or wood spirit,"’ 
which is used in large quantity in the manufacture of dyes, per 
fumes, etc., was produced in the United States, Canada, Germany 
and Sweden, by the distillation of wood. This great industry, 
however, received, in 1924, a serious blow when, mainly through 
the researches of French and German chemists, it was shown 
that methyl alcohol can be readily produced by passing a mixture 
of carbon monoxide and hydrogen over a suitable catalyst (zinc 
oxide or a mixture of zinc oxide and chromium oxide) under 
regulated conditions of temperature and pressure. In presence 
of the catalyst, the inconceivably sluggish reaction represented 
by the equation : 

CO + 2 H 2 = CH 3 OH 

Carbon monoxide. Hydrogen. Methyl alcohol. 

takes place with such readiness that the process becomes 
economically successful. The industrial production of methyl 
alcohol by this process is now well established not only in 
Germany, the home of the process, but also in England, France, 
Italy and America. 

From the mixture of carbon monoxide and hydrogen, 
moreover, by the use of different catalysts and by suitable 
variation of the conditions of temperature and pressure, many 
other substances may be obtained, such as butyl alcohol — a 
valuable solvent for nitro-cellulose lacquers — and mixtures of 
|iydrocarbons suitable for motor fuel. These processes, however, 
are at present only in course of development. 

At the present time very large amounts of water gas are 
employed as a source of hydrogen for the production of ammonia, 
and although, as we have seen, the hydrogen may be freed from 
the carbon monoxide by liquefaction, a catalytic method is 
mainly employed. Thus, when water gas is heated with steam 
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at a temperature of about 500“^ C., in presence of a catalyst 
wMcli consists essentially of iron oxide, the carbon monoxide 
reacts with the steam and gives rise to carbon dioxide and 
hydrogen, the carbon dioxide being thereafter removed by 
dissolving in water under pressure. 



CHAPTER XXI 

SULPHUR AND SULPHURIC ACID 
Sulphur 

Just as in the case of the halogens — fluorine, chlorine, bromine 
and iodine — and of the alkali metals — lithium, sodium, potas- 
sium, rubidium and caesium — we meet mth groups of elements, 
the members of which exhibit certain family resemblances,’*' so 
in the case of the elements oxygen, sulphur, selenium and 
tellurium, another such group is found. Although very difi*erent 
in outward appearances, these elements exhibit their family 
relationship more especially in the similarity of composition of 
the compounds which they form. Oxygen, for example, forms 
^vith hy^ogen a compound, water, the composition of which is 
represented by the formula H2O ; and sulphur, similarly, forms 
a compound, hydrogen sulphide or sulphuretted hydrogen, the 
composition of which is represented by the formula H2S. With 
carbon, also, oxygen and sulphur form compounds of analogous 
composition, namely, carbon dioxide, CO2? and carbon disul- 
phide, CS2. Moreover, sulphur combines readily with many 
metals to form sulphides which are analogous to the oxides of 
the metals. Thus, when sulphur and iron are heated together 
combination takes place with formation of iron sulphide, FeS, 
analogous to the oxide, FeO; and sulphur also combines vigorously 
with copper to form the sulphide, CuS. This reaction, whereby 
the metallic properties of the copper are destroyed, was doubtless 
known some thousands of years ago, and to it presumably we 
owe the name sulphur,! Many other compounds arc known in 
which the place of an oxygen atom is taken by an atom of sub 
phur. It is true that the family resemblances between the 
members of the oxygen-sulphur group are by no means so 
marked or clearly defined as in the case of the halogen elements 
or of the alkali metals ; nevertheless, these family relationships 
are, from the chemical point of view, of much importance and 

^ According to some antliorities, the name sulphur is derived, through the 
Latin, from the Sanscrit word sulvari, which means “ hostile to copper.” 

334 
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liave proved very helpful in stimulating and guiding the investi- 
gations of chemists. 

A knowledge of sulphur doubtless extends back to a very 
early period in the history of chdlisation, for this element is* 
found in the free state, very widespread, in regions of past and 
present volcanic activity. As early, at least, as the time of 
Homer, about a thousand years before the Christian era, the 
medicinal and fumigating properties of sulphur were being 
applied, and by the first century A.D., the mining and refining 
of sulphur were important industries in the islands of the Mediter- 
ranean. The finest sulphur, according to Pliny, came from the 
island of Alelos (Milo). The combustibility of sulphur led in 
Europe to the name of brimstone or hrennestone (i.e. burning 
stone) ; and the Arabian and later alchemists in putting forward 
the view that metals are composed of sulphur and mercury, had 
this property of combustibility rather than the substance itself 
in mind. 

Although one can no longer regard sulphur as possessing the 
manifold virtues attributed to it in early times i and during the 
Middle Ages, it is nevertheless a substance of great economic 
importance at the present day. Thus, large amounts are used 
for combating the attacks of fungi and of insect pests on vines 
and hops, and it is also used in the vulcanising of rubber and the 
manufacture of black gunpowder. In the main, however, sulphur 
finds its chief use in the manufacture of sulphuric acid and of 
calcium sulphite, which is used in the production of wood pulp. 

Although sulphur has been formed in the past, and is being 
formed also at the present day, by reaction between hydrogen 
sulphide and sulphur dioxide,^ which are present in the gases 
emitted by volcanoes, it is probable that the chief workable 
deposits of sulphur have been produced by a decomposition of 
calcium sulphate (gypsum and anhydrite). 

Production of Sulphur. — Until about 1903, almost the whole 
world-supply of sulphur was obtained from the sulphur deposits 
which are found, over an extensive area, in the provinces of 
Caltanisetta and Girgenti, in Sicily. In that year, it is stated, 
37,500 operatives were employed in the sulphur mines, many of 
whom were little more than children. These acted as porters 
(carusi) and carried the ore from the working face to the surface. 
Bearing a load of 30-50 kilograms, they had to make twenty- 

^ According to Pliny, “ sulphur is of such remarkable virtue, that if it is thrown 
on the fire it will detect, by the smell, whether or not a person is subject to epilepsy.” 

- These two gases react in accordance with the equation . 

2 H 2 S SO 2 = 2H.0 + 3S 
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five or thirty journe vs a day, half naked, bathed in sweat, covered 
VTth dust, with a closed lamp affixed to the top of the head, 
accompanpng their steps with, groans forced from them by their 
hea^y labour. i 

To separate the sulphur from the earthy materials — lime- 
stone and gypsum — with which it is mixed, the ore, as in Pliny’s 
day, is purified by the agency of fire.” The ore is packed in 
brickwork furnaces and the charge ignited. The heat developed 
by the combustion of part of the sulphur serves to melt the rest, 
which flows down the sloping floor of the furnace and can be 
run off from time to time. About one-third of the sulphur is 
thus burned as fuel — but other fuel is scarce in Sicily. In some 
cases, more especially in Romagna, in Italy, the sulphur is now 
melted from the ore by superheated steam. 

All-important as the Sicilian sulphur production was during 
and down to the end of last century, it has now sunk to a position 
of very secondary importance. 

As early as 1868, the existence was known of great deposits 
of sulphur in the State of Louisiana, U.S.A. These deposits, 
30-40 yards in thickness, were, however, situated at a depth of 
700 feet below the surface, and all attempts to mine them by 
sinking shafts met with failure owing to the presence, in the over- 
lying strata, of quicksands and poisonous gases. In 1891, 
however, the American engineer, Herman Frasch, conceived the 
bold idea of melting the sulphur in situ by means of hot water, 
and pumping the molten sulphur to the surface. The project at 
first was laughed at, but after several years of effort, the process 
was successfully developed, with the result that at the present 
day, owing to the adoption of the Frasch process, 80 per cent, 
of the annual production of sulphur comes from the more recently 
discovered deposits in Texas, the original deposit in Louisiana 
having now become exhausted. 

In theory, the Frasch process is very simple. A boring is 
made through the surface layers down to the bottom of the 
sulphur-bearing stratum, and in the bpre-hole is inserted a nest 
of concentric pipes (Fig. 68), the outermost of which ends in the 
cap-rock above the sulphur-bearing stratum. This is a casing- 
tube, designed to insulate the inner tubes from the surrounding 
earth. Water heated under pressure to a temperature of about 
155° C. is forced down the second outermost tube into the sulphur- 
bearing stratum, and the sulphur is thereby melted and collects 
at the bottom of the layer. By the pressure of the water assisted 

^ E- Molinari : Treatise on General and Industrial Chemistry. Translated Iby 
E. Feilmann. Vol. 1. 
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by liot compressed air passed in tlmough the central tube, the 
molten sulphur is forced to the surface, where it is run into a 
large wooden vat. Here the sulphur solidities, forming a great 
block of solid sulphur two hundred and fifty feet or more in length. 
The sulphur has a purity of 99*5 per cent. 



Fig. 68. — Frasch method 
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The refining of crude sulphur is carried out by boiling the 
sulphur in a retort and leading the vapour into a condensing 
chamber, where it condenses in the form of a fine powder known 
as flowers ofl stdphur. When the condensing chamber is small, 
the walls soon become heated and the sulphur vapour then 
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condenses to a liquid ivliich is generalty run off into cylindrical 
'wooden moulds. In this ivay one obtains roll sulphur or brimstone. 

Allotropy of Sulphur. — The element sulphur is of interest 
by reason of its many varied allotropic forms — it is said to have 


{Courtesy Texas Gulf Sulphur Co.) 
Loading sulphur into trucks. 

tion, say, in carbon disulphide. These rhombic crystals are 
the form in which sulphur is stable at all temperatures up to 
96 C. Above this temperature, the rhombic crystals pass. 


been obtained in eight diflPerent crystalline forms. In nature, 
sulphur is found in compact rhombic crystals (Fig. 69), and 
these can also be obtained by crystallising sulphur from solu- 




Fig. 70. — ^^lonoclmic crystals of sulphur. 
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obtained by melting sulphur in a crucible, and alloAving it to 
cool. The crust which forms on the surface is cut away and the 
stiH liquid sulphur poured out. A mass of clear crystalline 
needles (monoclinic crystals) will be found in the interior. If 
these crystals are kept at the ordinary temperature, it will be 
found that in the course of a day or so, they become opaque, 
owing to their conversion into a large number of rhombic crystals 
— ^the stable form, as was pointed out, at temperatures below 
96°. The change wliich takes place is analogous to the passage 
of wlnte tin into grey tin at temperatures below 13°. In the case 
of sulphur, however, the change takes place more readily. 

In considering the passage from the liquid to the solid state 
(Chap. VIII), it was pointed out that aliquid might, under certain 
conditions, be cooled down far below its ordinary crystallising 
point and so be obtained as a glassy solid. The production of 
such a supercooled liquid, as it is called, can be readily effected 
with sulphur, for if sulphur be heated to its boiling-point and then 
poured into cold water, it is obtained as a clear, rubber-like mass, 
which is known as plastic sulphur. At the ordinary temperature, 
however, spontaneous crystallisation sets in, and the clear 
plastic sulphur passes in time into an opaque mass formed of 
innumerable crystals of rhombic sulphur. 

Hydrogen Sulphide. — ^It has already been pointed out that 
the family relationship existing between sulphur and oxygen 
shoivs itself, for example, in the formation of hydrogen sulphide, 
H 2 S, a compound analogous to water, H 2 O, in composition. In 
its specific properties, however, hydrogen sulphide, still very 
commonly called by its older name sulphuretted hydrogen^ differs 
very markedly from water, for it is, under ordinary conditions, 
a colourless gas, the malodorous properties of which are probably 
known to all from the fact that it is formed in the putrefactive 
decomposition of protein and other sulphur-containing organic 
substances. Hence the term smell of rotten eggs,*’*’ by which 
the odour of hydrogen sulphide is generally characterised. 

To the ancient Egyptian craftsmen, also, the fetid smell 
of hydrogen sulphide must have been familiar, and frequent 
reference is made by Zosimos to the unpleasant odour of the 
sulphur water ’’ or solution of calcium sulphide which the 
Egyptian craftsmen prepared by boiling slaked lime with sulphur, 
and which they doubtless used for the surface colouring of 
metals. From such a solution the carbon dioxide of the air 
liberates hydrogen sulphide. The chemical nature of hydrogen 
sulphide, called by him stinking sulphur air,'^'* was first in- 
vestigated by Scheele about 1773 ; and it was by Scheele that 
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the present-day method of preparing the gas, by the action of 
dilute hydrochloric or sulphuric acid on ferrous sulphide, ^ FeS, 
was introduced. 

Hydrogen sulphide is a poisonous gas when inhaled. It is 
moderately soluble in water and occurs in certain mineral waters, 
such as those at Strathpeffer, Harrogate and Aix-les-Bains. It 
is a very valuable reagent in anatytical chemistry. 

Sulphur Dioxide and Sulphurous Acid. — Although it had 
been tno\\m from very early times that an acid-tasting, choking 
gas is produced when sulphur burns, it was not till 1774 that the 
great experimenter, Joseph Priestley, by using mercury in place 
of water in his pneumatic trough, succeeded in isolating the 
gaseous sulphur dioxide. It w^as by an accident, moreover, that 
he was led to the most convenient method of preparing the gas. 

Having prepared a quantity of sulphur dioxide (or vitriolic 
acid air, as he called it), by heating oil of vitriol (sulphuric acid, 
H 2 SO 4 ) with olive oil, Priestley attempted to obtain the gas by 
heating oil of vitriol alone 
in a special stoppered flask, 
fitted with a delivery tube 
(Fig. 71). But although no 
sulphur dioxide was ob- 
tained by this means, yet, 
as Priestley records, air 
was produced at the same 
time in a manner that I 
little expected, and I paid 
pretty dearly for the dis- 
covery it occasioned. Despairing to get any air from the longer 
application of my candles, I withdrew them ; but before I could 
disengage the phial from the vessel of quicksilver, a little of it 
passed through the tube into the hot acid ; when, instantly, 
it was all filled with dense white fumes, a prodigious quantity 
of air was generated, the tube through which it was transmitted 
was broken into many pieces . . . and part of the hot acid 
being spilled upon my hand, burned it terribly, so that the effect 
of it is visible to this day.*” ^ 

The next day, Priestley heated oil of vitriol with a small 
amount of mercury and obtained an abundant evolution of sul- 
phur dioxide ; and was similarly successful when, instead of 

^ Obtained by heating a mixture of sulphur and iron filings. The production 
of hydrogen sulphide takes place in accordance with the equation : 

FeS + H2SO4 = FeSO* -f- H^S. 

* Priestley : jExperimenU and Ob^ermiions on Different Kinds of Air^ VoL II. 



Fig. 71 . — Priestley’s flask for sulphur 
dioxide. 
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mercury, he used the metal copper. This method, discovered 
by Priestley, is the one by which sulphur dioxide is still generally 
prepared, in small amounts, in the laboratory (Fig. 72), the 
reaction being represented by the equation : 

Cu + 2H2SO4 = CUSO4 4- SO2 + 2H2O 

Copper. Sulphuric Copper Sulphur Water, 

acid. sulphate. dioxide. 

Sulphur dioxide is readily liquefied, the liquid being placed 
on the market in glass bottles and steel cylinders. As the latent 

heat of evaporation of the liquid 
is large, sulphur dioxide is some- 
times used for refrigeration pur- 
poses in place of liquid ammonia 

(p. 122). 

Sulphur dioxide readily dis- 
solves in water, and, as the 
solution has an acid reaction, it 
is inferred that the sulphur 
dioxide combines with water to 
form the compound sulphurom 
acid^ H2SO3. This acid, it is 
true, has never been isolated, 
but by neutralising the acid 
solution with alkalis, crystalline 
salts, known as sulphites (e,g. 
sodium sulphite, Na2S03), can 
be obtained. The calcium salt, 
as will be pointed put later, is 
used in large amounts in the 
production of wood pulp. 

As has been kno^vn from an early period, a solution of sul- 
phurous acid, or sulphur dioxide in presence of moisture, has the 
property of bleaching animal and vegetable dyes — fruit stains, 
for example, can be readily removed by its means — and it is 
largely employed for bleaching silk, wool and other materials 
which would be destroyed by chlorine bleaching. As is recorded 
by Pliny, burning sulphur (sulphur dioxide) was used for fumi- 
gating^wool to make it white and soft."” 

Sulphuric Acid 

Although, owing to the introduction of new processes in 
chemical manufacture, the importance of sulphuric acid may 
have somewhat diminished, this acid still remains the most 



Fig. 72. — Preparation of sulphur 
dioxide. 

Copper turnings are heated in a 
flask with concentrated sulphuric acid 
introduced through the thistle funnel. 
The gas is collected by downward 
displacement. ' ' 
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important chemical reagent in industry. It is by far the 
most important acid known, and there is scarcely an industry 
or trade in which it does not find application. It is used 
in the production of hydrochloric acid, nitric acid and most other 
acids ; in the production of ammonium sulphate and of super- 
phosphate, for use in agriculture ; in the refining of petro- 
leum ; for cleaning or pickling steel plates pre\ious to 
tinning or galvanising ; in electrical storage batteries ; in the 
manufacture of glucose ; in the dyeing, calico printing and 
tanning industries ; and in the manufacture of dyes, explosives 
and many other industrial products. So iridespread, in fact, are 
its applications that some have been prompted to claim that the 
consumption of sulphuric acid may be taken as an index of the 
industrial prosperity of a country. At the present day, the world 
production of sulphuric acid amounts to about 10,000,000 tons. 

When and by whom sulphuric acid was first prepared is not 
definitely known, but, although the acid may have been known 
as early as the eighth century, its preparation by heating green 
vitriol or ferrous sulphate (FeS04) and by burning a mixture of 
sulphur and nitre (potassium nitrate) in presence of water, is 
first described in works published in the seventeenth century 
under the pseudonym of Basil Vaxextine, a supposititious monk 
of the fifteenth century. Glauber, also, in the seventeenth 
century, describes the production of a ‘‘‘‘ corrosive oil of \dtrioP’ 
by the distillation of ferrous sulphate. 

The reaction on 'which the production of sulphuric acid 
depends is the oxidation of the gas sulphur dioxide to form the 
compound, sulphur tri oxide (SO 3), which combines readily with 
water to' give sulphuric acid (H2SO4). The diflficulty is met 
with, however, that combination between sulphur dioxide and 
oxygen does not take place appreciably at the ordinary tempera- 
ture and only slowly even at 400 ° C. ; and when one seeks to 
hasten the combination by raising the temperature, another 
difficulty is encountered. As the temperature is raised the rate 
at which the sulphur dioxide and the oxygen combine certainly 
increases, as we have already learned to be universally the case, 
but as the temperature rises the extent to which combination takes 
place becomes less and less, by reason of the fact that at high 
temperatures the sulphur trioxide decomposes again into-sulphur 
dioxide and oxygen. One is, in fact, dealing here with what has 
been called a reversible reaction ; and since the formation of 
sulphur trioxide from sulphur dioxide and oxygen is accom- 
panied by an evolution of heat, it follows — in accordance with the 
theorem of Le Chatelier — that the higher the temperature, the 
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smaller is the proportion of sulphur trioxide in the equilibrium 
mixture. The consequence, therefore, is that at a tempera- 
ture at which the combination of sulphur dioxide and oxygen 
takes place sufficiently rapidly (say, 900°-1000'^ C.), the amount of 
sulphur trioxide formed is too small to allow of the process being 
commercially successful. We now know, however, the direction 
in which to look for a way out of the difficulty. A catalyst must 
be found which will so accelerate the rate of oxidation of the 
sulphur dioxide that the process may be carried out with sufficient 
rapidity at a temperature so low that the decomposition of the 
sulphur trioxide is negligible. 

At an early date, such a catalyst was found — although it was 
not, of course, recognised as such — in the oxides of nitrogen. 
In the year 1740, the manufacture of sulphuric acid was begun 
at Richmond, near London, by a quack doctor of the name of 
Ward, who heated a mixture of sulphur and saltpetre in large 
glass vessels, containing a little water, a method which, as has 
been pointed out, had been known on the Continent at least a 
century earlier. Later, in 1746, small lead boxes were sub 
stituted by Dr. Johx Roebuck, of Birmingham, for the glass 
vessels, and other improvements in the process were thereafter 
introduced, until the present chamber process was evolved. In 
America, the manufacture of sulphuric acid was started by John 
Harrison, of Philadelphia, as early as 1793. 

The Lead Chamber Process. — The method of manufacturing 
sulphuric acid by what is known as the lead-chamber process, 
consists essentially in passing sulphur dioxide, air (oxygen) and 
oxides of nitrogen into a series of large lead chambers, into 
which also a fine spray of water is injected. Here, the sulphur 
dioxide combines with the oxygen of the air under the catalytic 
influence of nitric oxide, NO, which acts as a transfer catalyst. 
That is to say, the nitric oxide combines with the oxygen of the 
air to form nitrogen peroxide, NO 2 , and the nitrogen peroxide 
then transfers the oxygen thus taken from the air, to the sulphur 
dioxide, so as to form sulphur trioxide. This then combines 
with water to form sulphuric acid. In this process, then, there is 
alternate oxidation of nitric oxide to nitrogen peroxide by the 
oxygen of the air, and reduction of nitrogen peroxide to nitric 
oxide by sulphur dioxide, the cycle of reactions being represented 
by the two equations : 

2NO + O 2 = 2 NO 2 

SO 2 + NO 2 + H 2 O = H 2 SO 4 -f NO 

The sulphuric acid is allowed to collect on the floor of the 
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lead chambers until the concentration reaches 65-70 per cent, 
(so-called chamber acid)^ when it is run oft, since acid of higher 
concentration would dissolve the lead of tlie chambers. The 
acid may be concentrated by evaporation in silica pans or by 
blowing hot gases through a spray of the acid. 

Until about 1835, the sulphur dioxide used in sulphuric acid 
manufacture was obtained, almost entirelv, by the combustion 
of Sicilian sulphur ; but the great rise in price which followed 
on the granting of a monopoly of export of Sicilian sulphur, led 
the manufacturers of sulphuric acid to seek for a cheaper source 
of sulphur dioxide. This was found in iron pyrites (FeS 2)5 
enormous deposits of which occur more especially in Spain, and 
in spent iron oxide, used for the purification of coal gas (p. 213) ; 
and until the early years of the present century, these materials 
were the chief sources of sulphur dioxide in sulphuric acid manu- 
facture. In later years, they were augmented by other sulphide 
ores. As has been pointed out, these various sulphide ores 
yield sulphur dioxide when heated in a current of air, and large 
amounts of sulphuric acid are now being produced as a by-product 
in the extraction of copper, lead and zinc from their respective 
ores. Although, in Europe, pyrites and spent oxide still con- 
stitute the main source of supply of sulphur dioxide, in America 
the great expansion which has taken place since 1910 in the 
production of sulphur in Louisiana and Texas, has once more 
placed the element in a dominant position in sulphuric acid 
manufacture. 

The Contact Process. — Up to the beginning of the present 
century, sulphuric acid was produced almost entirely by the lead- 
chamber process. The successful development, however, of 
the industry of symthetic dyes, and more especially the manu- 
facture of synthetic indigotin (the blue colouring matter of 
indigo), which necessitates the use of the very powerful reagent 
known as fuming sulphnric acid or oleum,*’*’ led to a widespread 
use of the so-called contact process. At the present day, ibis 
fuming sulphuric acid is extensively used in the manufacture of 
dyes and explosives, and in refining petroleum. 

As far back as the year 1817, it was suggested by Sir Humphry 
Davy that platinum might be employed to accelerate the oxida- 
tion of sulphur dioxide by oxygen, just as this metal accelerates 
the combination of hydrogen and oxygen ; and in 1831, practical 
application of this suggestion was made by a vinegar manu- 
facturer of Bristol, Peregruste Phillips by name. Great hopes 
were aroused for the success of this method of manufacturing 
sulphuric acid, and even in 1835 a well-known French chemist, 



346 


THE SPIKIT OF CHEMISTRY 


Cle^mext-Desormes, gave expression to the conviction that in ten 
years at most it would be possible to manufacture sulphuric acid 
directly from its constituents, without the use of leaden chambers 
and nitric acid. But the unwisdom of prophecy is proverbial, 
and the period of ten years lengthened out to one of nearly 
seventy before the ability and persistence of the technical 
chemists in one of Germany's greatest chemical works succeeded 
in developing the discovery of Peregrine Phillips into a successful 
industrial process^ 

When the attempt w^as made to utilise the contact process,'’^ 
as it is called, for the commercial production of sulphuric acid, 
using iron pyrites as the source of sulphur dioxide, a difficulty 
w’-as met with which delayed success and threatened complete 
failure. The production of sulphur trioxide which at first took 
place with great readiness soon began to diminish, and after 
some time ceased altogether. The platinum lost its catalytic 
activity. On investigation, this loss of activity was found to be 
due to a poisoning of the platinum — a phenomenon to which 
reference has already been made — and the substance which was 
found to be chiefly responsible for this was arsenic. This arsenic 
w^as derived from a small amount of impurity contained in the 
iron pyrites, used as the source of the sulphur dioxide, and it 
was only after much labour that a means was found of ridding 
the gas of all traces of this poison. When this had been done 
the contact process could be carried out with success. 

For the production of sulphuric acid by the contact process, 
the enormous leaden chambers, with a capacity sometimes of 
150,000 cubic feet, are replaced by comparatively small, cylin- 
drical vessels containing a suitable catalyst. For this purpose, 
finely divided platinum is generally used, the platinum being 
deposited on asbestos (platinised asbestos) or on a porous 
magnesium sulphate. Complex vanadium silicates, however, 
w^hich are much less costly than platinum, and the efficiency of 
which is very great and is not destroyed by arsenic or hydrogen 
chloride, are now coming into more widespread use as catalysts. 
Through the reaction vessels, which are maintained at the proper 
temperature (about 450^ C.), by the heat given out in the reaction, 
the mixture of sulphur dioxide and oxygen (or air) is passed. 
The oxidation of the sulphur dioxide takes place rapidly and 
practically completely in presence of the catalyst, and the sulphur 

^ On a restricted scale, Squire and Messel, in England, and certain manu- 
facturers in Grermany, manufactured oleum by the contact process, from 1875 on- 
wards. They obtained the sulphur dioxide by the combustion of sulphur or by 
the decomposition of sulphuric acid on hot brick surfaces or in platinum stills. 
The oleum so prepared was too costly except for special purposes. 
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trioxide issues from the apparatus as a wliite mist, wMch is then 
passed into a solution of sulphuric acid containing about 98 per 
cent, of acid. In this way a pure sulphuric acid, as well also as 
the powerful fuming sulphuric acid or oleum*” to which we have 
referred, can readily be obtained. 


Whether the contact process will eventually succeed in entirely 
superseding the older leaden-chamber process, it is impossible 
to say ; for, under the stimulus of competition, improvements 
have been effected in the latter process, ^vith the result that acid 
of the concentration mainly required can be produced more 
cheaply by the chamber than by the contact process, the latter 
process being used chiefly for the production of oleuin.*” 

Properties of Sulphuric Acid. — Concentrated sulphuric acid 
is a thick, oily liquid which has a very great a\’idity for water. 
It is, therefore, largely used as a drying or desiccating agent for 
the purpose of removing moisture from gases and from solids. 
In the latter case the solid is placed in a 
closed vessel or desiccator^ the interior of 
which is kept dry by the presence of con- 
centrated sulphuric acid (Fig- 73). It has 
also a very corrosive action on animal and 
vegetable matter, and if brought in contact 
with the skin produces painful and serious 
burns. Sugar, paper, cloth, etc., are charred 
and destroyed by it. 

At the present time the main use to 
which sulphuric acid is put is for the pro- 
duction of what is called superphosphate^ 
the chief phosphatic fertiliser in agriculture. 

Probably about 6,000,000 tons of chamber 
acid are used for the production of about 
13,000,000 tons of superphosphate. 

Before the year 1840, the phosphorus 
which is essential for healthy plant growth 

and which is found mainly in the seeds, was added to the soil 
chiefly in the form of crushed bones, the phosphorus being 
present in these as calcium phosphate, Ca 3 (P 04)25 the calcium 
salt of phosphoric acid, H 3 P 04 .^ Between 1840 and 1850, 
however, John Bennet Lawes (1814—1900)2 showed that the 



Pig. 73. — ^Desiccator, 

A layer of concen- 
trated sulphuric acid is 
placed at the bottom of 
the desiccator and the 
substance to be dried 
on a wire gauze support. 


^ Since calcium is bivalent, one atom of calcium can tahe the place of two 
atoms of hydrogeti, and therefore three atoms of calcium take the place of six 
atoms of hydrogen present in two molecules of phosphoric acid. 

® Landowner, chemical manufacturer and founder, m 1843, of the Agricultural 
Experimental Station, at Rothamsted, Hertfordshire. For his services to agri- 
cultural science he was created a baronet by Queen Victoria in 1882. 
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phosphate could be rendered more readily soluble in the soil 
and therefore more readily available as a plant food by treating 
the ground bones with sulphuric acid. The so-called normal 
calcium phosphate is thereby converted into acid calcium 
phosphate, CaH4(P04)25 and gypsum is formed at the same 
time.i To the mixture of acid calcium phosphate and gypsum 
the name superphosphate ’was given. Soon thereafter, deposits 
of mineral phosphate (phosphate rock) were discovered, and 
since about 1890 almost all the superphosphate has been pro- 
duced from mineral phosphate. About 60 per cent, of the 
world'^s supply of mineral phosphate comes from the enormous 
deposits in French North Africa (Tunis, Morocco, Algeria) and 
about 30 per cent, from America (especially Florida). 

In Germany, America and elsewhere, the production of 
another phosphate fertiliser is being developed which may 
perhaps largely supersede superphosphate. By the method 
already described (p. 175), phosphorus is produced from mineral 
phosphate ; and the phosphorus so obtained is converted to 
phosphoric acid by means of steam at a high temperature. The 
hydrogen which is thereby liberated is used for the production 
of ammonia, by a method to be described later, and the ammonia 
is combined with the phosphoric acid to form ammonium phos- 
phate. The method is stiU in its infancy, and time alone can 
show whether it will develop to maturity. 

The salts of sulphuric acid are known as sulphates^ and may 
be obtained by the action of dilute sulphuric acid on the metals, 
or on the oxides, hydroxides or carbonates of the metals., Some 
of these sulphates occur in nature, and of these one of the most 
important is gypsum or hydrated calcium sulphate (CaS04,2H20). 

This substance may occur in chalk-like formations or as a 
compact and marble-like material, known as alabaster.^ It is a 
soft material which is easily worked, and is frequently used for 
making ornamental objects, statuettes, etc. 

One of the most important and oldest uses to which gypsum 
is put is for making a plaster or moulding material, now known 
plaster of Paris. As such, it was made use of by the Egyptians 
even at a very early date. Plaster of Paris is readily obtained 
by carefully heating gypsum to a temperature somewhat above 
the boiling-point of water. About three-quarters of the water 
with which the calcium sulphate is combined is driven off, and 

^ TJie reaction may be represented by the equation : 

Ca3(P04)2 4- 2H2SO4 -f 4H2O = CaH4(P04)2 + 2CaS04,2H20 
® The term alabaster is also applied, in Egyptology, to a compact crystalline 
form of calcium carbonate. 
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oil grinding tlie product, a wMte powder is obtained wliicli when 
mixed to a paste with water, quickly sets to a hard mass. The 
explanation of this is that the partially dehydrated gypsum 
(plaster of Paris) combines ‘with water and forms the hydrate, 
CaS04,2H20. 

Plaster of Paris is used for making casts, for interior wall 
mouldings (stucco), for application to the soil, and for surgical 
bandages. 

Other well-known sulphates are Glauber^s salt or sodium 
sulphate decahydrate (Na2SO4,10H2O), copper sulphate and 
magnesium sulphate or Epsom salts (]MgS04,7H20). 



CHAPTER XXII 

SALTS OF POTASSIUM AND SODIUM 

Just as the metals sodium and potassium, the two most important 
members of the natural family of the so-called alkali metals ^ 
resemble each other in their physical properties, so also do they 
give rise to compounds of a similar character. Potassium 
hydroxide, KOH, or caustic potash, for example, is similar in 
its properties to sodium hydroxide and may be prepared in a 
similar manner, namely, by the electrolysis of an aqueous solution 
of potassium chloride, KCL Potassium chloride, potassium 
sulphate (K2SO4), and potassium carbonate (K2CO3), likewise, 
are similar to the corresponding sodium salts, but potassium bi- 
carbonate differs notably from sodium bicarbonate in being much 
more readily soluble in w^ater. Although similar in their general 
properties, the two series of salts differ in the properties which 
depend on the sodium or potassium present in the compound, so 
that, for certain purposes, e.g, in agriculture, the place of potas- 
sium salts cannot be taken by the salts of sodium. 

Salts of Potassium- — The salts of potassium are of very gxeat 
importance because of the fact that they are essential for the 
healthy growth of all land plants, and must be added in sufficient 
quantity to the soil if a vigorous cultivation is to be maintained. 
iVIore especially are potassium salts of importance in the culti- 
vation of cereals, potatoes, beet, vines and cotton ; and the 
banana plant responds in a most surprising fashion when manured 
with potash salts. When land vegetation is burned, the potas- 
sium which the plants had taken up from the soil, is recovered 
in the ash in the form of potassium carbonate (K2CO3), this salt 
being obtained by lixiviation of the ash with water, evaporation 
of the solution and calcination of the residue in pots. Hence 
the ri.Qjm.% pot-cish for potassium carbonate. For long, the potash 
so obtained constituted the main source of supply of that material 
which was required not only in agriculture, but also in the glass, 
soap and other industries. In the middle of last century, indeed, 
nearly three-quarters of the world'^s supply of potash came from 
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tlie wood aslies of the lumber camps of Canada. At the present 
time, nearly all the potash salts used are of mineral origin. 

Lying on an enormous layer of rock salt (sodium chloride), 
which extends widely through North and iXIiddle Germany, 
great beds of potassium and other salts are found at various 
points, and more especially in the neighbourhood of Stassfurt, a 
town situated some twenty miles southwards from Magdeburg. 
Here, even as early" as the thirteenth centurv, brine springs were 
known, but it was not till about 1852 that the deep-lying deposits 
of rock salt began to be mined. The minerals lying in layers 
above this bed of rock salt, and having an aggregate thickness 



{Courtesy Sir John Jtmsell) 
Effect of potash salts on growth of mangolds 

The root on the left has been grown in soil to which a potash fertiliser has 
been added ; that on the right, in a soil containing no potash. 


of over five hundred feet 5 were rejected as useless until they 
were recognised as being a valuable source of potassium and 
magnesium salts. 

These vast deposits of salts, extending over an area of about 
one hundred square miles, were formed, as it is calculated, over 
a peripd of some eight millenniums, by the evaporation of sea- 
water flowing intermittently into an irdand basin, just as at the 
present day similar salt-beds are being laid down in the Bay of 
Adji-Darja, in the East of the Caspian Sea. In these deposits 
are to be found not only the salts of sodium, calcium and mag- 
nesium, but also great quantities of potassium salts, of which 
the best known and most important are sylvine or potassium 
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cMoride (KCl), kahiite. a complex salt containing both potassium 
and magnesium (KqS04,iMgS04.iMgCl2,6H20), and carnallite 
(KClAIgCl2-6H20). “These deposits have, more especially since 
1880, been "worked in a most systematic and scientific manner, 
and they form by far the largest and cheapest source of the 
agriculturally vital potassium compounds. The crude salts 
may be used as potash fertilisers or the potash salts may be 
extracted and purified by cia'stallisation from water. To learn 



Searles Lake, California. 

Below the crust of salts there lies a saturated brine from which potassium 
chloride and borax are extracted 


how tliis can best be effected, required very long and laborious 
investigations of the solubilities of the different salts in presence 
of one another. These investigations were carried out mainly 
by vanV Hoff and his pupils. 

Although the most important so far discovered, the Stassturt 
deposits are not the only deposits of potash salts,. In 1904, 
salt deposits were discovered in Alsace, occupying an area of 
some seven square miles to the north-east of Mulhouse. In 
these deposits, estimated to contain 300,000,000 tons of potash. 
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the potash is present mainly as potassium cliloride. The 
exploitation of the deposits is easy and the purihcation of the 
potassium chloride from the accompanying rock salt is a simple 
process compared with that to which the Stassfurt deposits must 
be subjected. The production of potash salts from these 
Alsatian mines is, however, regulated in agreement with the 
German producers. 

In America, large quantities of potash salts occur in the brine 
and salt lakes of California and Nevada ; and at Searles Lake, in 
the Mojave desert, California, potassium chloride is being success- 
fully produced in large amount. 

Although other sources of potash salts are known to exist, 
e,g. the flue dust from blast-furnaces and cement works, and the 
giant seaweeds, more especially of the Paciflc, their exploitation, 
in normal times, has so far not proved economically successful. 

Potassium Nitrate and Sodium Nitrate. — Potassium nitrate 
(KNO3), nitre or saltpetre is a salt which, from the manner of its 
formation and occurrence, may have been known at an early 
time, for it is formed by the bacterial decomposition in the soil 
of waste nitrogenous animal matter (excreta, urine). In warm 
countries, more especially, such as India, Persia and Arabia, this 
process takes place with great readiness, and in the neighbour- 
hood of the dwellings where the sanitary arrangements are of a 
primitive character, the ammoniacal compounds formed by the 
decomposition of waste animal matter are converted by the 
nitrifjdng bacteria to nitric acid, which forms potassium nitrate 
or calcium nitrate with the potash salts or lime present in the soil. 
By the addition of wood ashes (potassium carbonate), the calcium 
nitrate is converted to potassium nitrate and calcium carbonate. 
The nitrates are extracted from the soil by water. 

Potassium nitrate was not at first clearly distinguished from 
naturally occurring soda, to which the term nitre was applied. 
At a later time the name saltpetre 1 was given to the salt on 
account of the fact that, having been formed in the manner just 
described, it could be extracted from the soil and from certain 
rocks. 

The most important use to which saltpetre was put in the 
past and is put in the present, is in the manufacture of touch paper 
and of rapidly burning materials such as black gunpowder. As 
early as the seventh century, we read,^ a rapidly burning mixture, 
known as Greek Fire, was used by the inhabitants of Constanti- 
nople in their defence of the city against the Moslems, and, even 

^ From tile Latin scH petrcB, salt of the rocli. 

^ Gihbon, Dedine and Fcdl of the Roman Empire, Chap, 52. 

N 
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as late as the tiiirteenth century, rapidly burning mixtures of 
sulphur, pitch, naphtha and other substances, which came 
flying tlurough the air like a mnged long-tailed dragon, about 
the thickness of a hogshead, with the report of thunder and the 
velocity of lightning,’’ were used by the Moslems in the Crusades, 
Whether in tliis Greek Fire saltpetre was present is not knoym, 
but about the same time the Chinese appear to have employed 
saltpetre in the manufacture of a sort of gunpowder, which was 
used for explosive toys and for fireworks. By the thirteenth 
century, in any case, saltpetre had been introduced from China 
into Europe by" the Arabs, under the name of China salt,” 
and its use for the production of flying fire ” was well known. 
Thus, the composition of a mixture not differing greatly from 
black gunpowder is given in the Book of Fires or Liher 
Ignium ad comburendos Hostes^ ivritten under the name of 
Marcus Grecus,” in the thirteenth century. Roger Bacon 
also appears to have knoivn of gunpowder, w^hich is said to have 
been first used for firearms at Florence in 1325, and was first 
used in fieldpieces by the English at the battle of Crecy in 1346, 
when the guns threw little balls of iron to frighten the horses.” 

Gunpowder^ the composition of which may vary slightly, is 
a mixture of about 75 per cent, of potassium nitrate or saltpetre, 
14 per cent, of charcoal and 11 per cent, of sulphur. Its action 
as an explosive and as ammunition for firearms depends on the 
rapid combustion of the charcoal and sulphur at the expense 
of the oxygen contained in the saltpetre, with production of 
gases (especially nitrogen and carbon dioxide), the volume of 
w^hich is many times that of the solid gunpowder. Solid 
substances are also produced and make smoke. The pressure 
produced by the gas is very greatly increased by the great ele- 
vation of temperature brought about by the heat of combustion 
of th-e gunpowder, and actual tests have shown that when gun- 
powder is fired in a closed space, a pressure of upwards of four 
hundred atmospheres is produced. 

While still largely used in connection with the beneficent 
operations of mining and also for pyrotechnic displays, gun- 
powder is no longer employed as a propellant for naval or 
military purposes. Its use has been given up not only on account 
of the large amount of smoke produced in the explosion, which 
acts as a screen and prevents the effective use of quickfiring guns, 
but also because, as we shall learn presently, explosives of very 
much greater power and efficiency have been discovered. 

After the introduction of gunpowder for use in firearms, the 
saltpetre necessary for its manufacture was obtained mainly 
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from India, where the sorawallahs ^ carried on the business of 
extracting the saltpetre from the earth collected in the neigh- 
bourhood of native dwellings and cowhouses ; and in certain 
European countries nitre 'plantations for the production of nitre 
from waste nitrogenous animal matter, were established to supply 
local needs. In France, during the wars of the Revolution, 
2000 tons of saltpetre were produced annually in such plantations. 
Later, in 1855, the demand for gunpowder, occasioned by the out- 



break of the Crimean War, led to the development of processes 
for the conversion of sodium nitrate ^ or Chile saltpetre (NaNO^), 
into potassium nitrate by reaction with potassium salts ; and 
at the present day, most of the potassium nitrate is produced by 
reaction between potassium chloride and sodium nitrate, as 
shown by the equation : KCl-bNaN 03 =KN 03 +NaCl. 

On examining the solubility curves (p. 236) of these four salts, 
as shown in Fig. 74, it will be seen that at 100^ C., 247 grams of 

^ That is, nitre workers, from sora= nitre. 

2 Sodium nitrate cannot be used for the manufacture of gunpowder because 
it deliquesces or becomes moist on exposure to the air. 
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pot<TSsiuni nitrate dissolve iii 100 grams of watei, wlieieas at 0 , 
only Id grams dissolve. In tlie case of sodium chloride, the 
solubilitv changes only slightly with the temperature ; at 0°, 
35-7 gi-ams. and at 106 '^ 39-1 grams, of sodium chloride dissolve 
in 100 grams of water. When, therefore, potassium chloride and 
sodium nitrate are mixed together with water at, say, 100 , so 
as to give an almost saturated solution of potassium nitrate, 
most of the sodium chloride separates from the solution while 
the saltpetre remains dissolved. On cooling down the solution, 
after addition of a small amount of water to prevent the further 



{Courtew The Chilean Nitrate Committee ) 
Chile saltpetre. Emptying the crystalhsatioii tanks. 


separation of sodium chloride, the greater part of the potassium 
nitrate separates out, by reason of its small solubility at low 
temperature. 

About 1825, enormous deposits of caliche ^ or impure sodium 
nitrate were discovered in the rainless districts of the d arapaca 
and Atacama deserts of Chile; and after 1850, these deposits 
rapidly increased in importance as the Chile saltpetre or sodium 

^ Caliche may vary considerably m composition, but consists essentially of 
earthy matter along with various salts, especially sodium nitrate, sodium chloride 
and sodium sulphate. A number of other salts are present in smaller amounts, 
and of these, sodium lodate, tho chief source of iodine at the present day, is the 
most important. 
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nitrate, extracted from the caliche^ became increasingly used not 
only for the production of nitric acid and potassium nitrate, but 
more especially as one of the most important nitrogenous ferti- 
lisers in agriculture. 

From the mixture of salts present in caliche^ the sodium nitrate 
is obtained by leaching the caliche ivith hot water and allowing 
it to crystallise out from the solution on cooling. 

Sodium Carbonate. — One of the most important salts of 
sodium, manufactured in very large quantity at the present day 
and used for the softening of water, in the manufacture of soap 
and glass, and for other purposes, is sodium carbonate (Na 2 C 03 ) 
or soda. 

Sodium carbonate has been known from z‘emotest ages as 
forming a deposit ^ on the floor and shores of the soda-lakes of 
Egypt ; and these were probably the chief source from which 
the early Phoenician traders obtain*ed the salt. Soda occurs 
abundantly in certain wmters and lakes, e.g. Lake jMagadi, in 
Kenya, and Owen'^s Lake, California, from the ■water of which 
soda can be obtained by solar evaporation. These natural soda 
deposits are again being worked at the present day. Formerly 
soda was called Jiatron or 7iitre.^ and by this name it is referred to 
in the Bible. ^ 

Previous to the nineteenth century, the carbonate of soda 
required, more especially, for the manufacture of glass and of 
soap, to which reference will be made later, was obtained mainly 
from the soda-lakes or from the ash of the saltwort (Salsola Icali 
L.). This was growm on large areas reclaimed from the sea 
along the coast of Spain, and more especially along the coast of 
Alicante, and was reduced to ash by ignition. This ash, con- 
taining up to 15 or 20 per cent, of sodium carbonate, was sold 
under the name of barUla.^ The supply, however, was scanty, 
and barely sufficient to meet the demand. There was, therefore, 
great need for an abundant source of cheap soda. After it had 
been discovered by the French chemist Henri Louis Duhamel 
DU Monceau (1700-1781), that soda is derived from the same base 

^ The natural “ soda ” or troTia, as it is called, is the compound known as 
sodium sesq^uicarbonate, Na 2 C 03 ,NaHC 03 , 2 H 30 . When this is heated water 
and carbon dioxide are driven off and the normal sodium carbonate obtained : 
2(Na3CO3,lSraHCO3,2H3O)=3Na3CO3-f0O2+5H2O. 

^ ‘‘ As he that taketh away a garment in cold weather, and as vinegar upon 
nitre, so is he that singeth songs to aa heavy heart” (Proverbs xxv, 20). S^a, 
when acted on by vinegar (acetic acid ), is decomposed with brisk effervescence due 
to the production of carbonic acid gas. 

^ The barilla industry was introduced into Spain by the Saracens, who called 
the saltwort, or the ash of saltwort, oZ gali or al kali. From this the term alkali 
is derived. On the salt steppes of the Argentine, the saltwort is stiU grown, and 
burned for the production of soda. 
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as common salt, the artihcial production of soda from common 
salt became possible. On account of the great economic im- 
portance of soda, the Academy of Paris, in 1775, offered a prize 
for a process of converting common salt, or chloride of sodium, 
of which there are such abundant supplies occurring naturally, 
into the carbonate of sodium or soda ; and the problem was 
solved by the French chemist Nicolas Leblanc (1742-1806), in 
1791. A factory for the manufacture of soda by the Leblanc 
process was started near Paris, but was soon afterwards con- 
fiscated by the Committee of Public Safety. Although the 
factory was handed back to Leblanc in 1801, he had no capital 
with which to restart ; and after some years of struggle, Med 
Tvith despair, the inventor of a process which has contributed 
so much to the comfort and well-being of the people by giving 
to them cheap glass and cheap soap, ended his days by his own 
hand. 

The process invented by Leblanc consists of several stages. 
Salt, first of all, is heated with sulphuric acid, whereby the 
chloride of sodium is converted into sulphate of sodium or 
salt-cake,’^ as it is called commercially. At the same time 
there are produced large quantities of hydrogen chloride or 
hydrochloric acid gas, HCL This reaction, we have seen, was 
known at least as early as the time of Glauber in the seventeenth 
century. The salt-cake is then heated with a mixture of lime- 
stone (calcium carbonate) and coal, whereby the sulphate of 
soda is converted into carbonate of soda, which can then be 
extracted by means of water.^ The residue, consisting mainly 
of sulphide of calcium, and known as alkali waste or soda waste, 
is left. For long, the accumulations of this soda waste w^ere a 
source of much annoyance to the community (by reason of the 
e^dLsmelling gas, sulphuretted hydrogen, which they evolved), 
as well as a loss to the manufacturers. After many failures, 
however, a process was discovered whereby the sulphur present 
in the waste could be recovered, and the economy which was 
thereby effected enabled the Leblanc process to maintain itself, 
at least for a time, against the formidable rival by which, as we 
shall learn, it was assailed during the latter half of the century. 

It was in England, more especially, that the Leblanc process 
was worked, fi:om 1814 onwards. At first the hydrochloric acid 
gas which was evolved in the process was discharged into the 


^ Tlie reactions -wliicli take place can be conveniently represented by the 
equations : 


2NaCl -f H.SO4 = 2HC1 + Na^SO^ 

Na2S04 + CaCOg +“20 = KagCOs -f CaS + 2CO2 
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air and became an intolerable nuisance, by reason of the fact that 
it destroyed all the vegetation in the neighbourhood of the 
works, and rapidly corroded all ironwork. To still the outcry 
which was raised, moi’e or less successful attempts were made 
to absorb the gas in water, in ivhich it dissolves with great 
readiness. But if one trouble w^as thereby removed, a fresh one 
arose, and the soda manufacturers found themselves with large 
quantities of hydrochloric acid, for which there was scarcely any 
use, and which could not be run into the rivers as it would kill 
the fish. A way out of the difficulty, however, was at length 
discovered, and the hydrochloric acid, which had been a source 
of annoyance to the community and of worry to the manufac- 
turers, became a source of considerable profit. In 1868, H. W. 
Deacon (1822—1877), showed that if the hydrogen chloride, 
mixed -with air, is passed over heated pumice, impregnated with. 
cuprous chloride, the cuprous chloride acts as a catalyst and 
accelerates the oxidation of the hydrogen chloride by the oxygen 
of the air, ivith formation of chlorine (Deacon’’s process) ; and 
by passing the chlorine over slaked lime, bleaching powder is 
obtained (p. 276). For this bleaching powder a great demand 
sprang up in the middle of last century, due to the development 
not only of the cotton but also of the paper industry, the raw 
materials for which required to be bleached before use. The 
production of hydrochloric acid played henceforward an im 
portant part in the success of the Leblanc process. 

Important and successful as was the Leblanc process during 
the first sixty or seventy years of the nineteenth century, it had 
by the end of the century practically succumbed before an 
economically more successful rival, the so-called ammonia-soda 
or Solvay process. The reaction underlying this process,^ a 
reaction between sodium chloride and ammonium bicarbonate 
(NH4HCO3), giving rise to sodium bicarbonate (NaHC 03 ) and 
ammonium chloride (NH 4 CI), had been discovered, prior to 1811, 
by one who later became more famous as a physicist, the 
Frenchman, Augustin Jean Fresnel (1788-1827). During the 
first half of the nineteenth century, many industrial chemists in 
different countries attempted to apply the reaction, but pro- 
duction on an industrial scale was in all cases unsuccessful. 

In 1863, however, the Belgian industrial chemist and 
philanthropist, Ernest Solvay (1838-1922), successfully 
developed the process whereby soda can be produced more 
economically and in a purer form than by the method of Leblanc. 
The process depends on the fact that when carbon dioxide 
(obtained by heating limestone or calcium carbonate) is passed 
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into a solution of common salt saturated with ammonia, IS'H 35 
(obtained by the distillation of coal or by a synthetic process 
described in the following chapter), sodium bicarbonate is 
deposited- By heating the bicarbonate, ordinary sodium car- 
bonate or soda is obtained. The series of reactions, then, are 
represented by the equations : 

NaCl + NH 3 d- CO. 4 - H.O = NaHCOg + NH^Cl 

SNaHCOg == NaoC03 + CO. + H.O 

The ammonia is recovered by heating the ammonium chloride 
\Yith slaked lime,i and the carbon dioxide, formed by the decom- 
position of the sodium bicarbonate, is used over again in the 
process. 

When sodium carbonate is crystallised from water, it 
‘forms hydrated crystals, sodium carbonate decahydrate, 
Na 2 CO 3 , 10 H.O, known popularly as washing soda. On the 
other hand, sodium bicarbonate, as has been pointed out, 
readily gives rise to carbon dioxide on being heated, and for this 
reason it is largely employed, under the name of bakmg soda^ in 
the preparation of baking powders. By the evolution of carbon 
dioxide in baking, the dough is made lighter. 

Sodium Chloride. — The commonest and most abundant com- 
pound of sodium, the source of nearly all the other salts of the 
metal and of the metal itself, is common salt or sodium chloride^ 
NaCL This substance is an essential constituent of the food 
of man and the animals, and although, in many places, primitive 
man must have been unacquainted with salt, the need of it was 
not felt so long as man lived on milk and the raw or roasted flesh 
of animals. When, however, in the process of civilisation, man 
ceased to be a nomadic hunter and became a settled farmer and 
adopted a diet of cereals, vegetables and boiled meat, salt became 
a necessity. Henceforward, salt was held in special esteem by 
men and came to be regarded as ‘‘‘‘ divine,’’’ a substance dear 
to the gods ” ; and to eat of a man’s salt created a sacred bond 
of loyalty and friendship. A valuable article of commerce, trade 
routes were constructed for its distribution, and the possession 
of sources of supply even became the cause of war. 

Common salt forms over 70 per cent, of the salts present in 
sea- water — in each gallon of which about a quarter of a pound of 
sodium chloride is present — and it is found, very abundantly, 
both as rock salt and in salt wells, in many countries of the 
world. Of the deposits of rock salt, the most famous is that at 
^ According to tlie reaction : 

2NH4CI -f Ca(OH)2 = 2NH3 -f CaClg + 21 i^O 
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Wielicza in G-alicia, where salt has been mined since the twelfth 
century. Here passages and chambers extend for thirty miles, 
and great halls adorned T^dth glittering columns have been cut in 
the enormous mass of rock salt. 

At one time salt w’-as obtained almost entirely by the solar 
evaporation of sea-water, or the water of salt lakes ; and even at 
the present day considerable quantities are still so obtained in 
Spain, France, Italy, United States (Cahfornia and the Great 
Salt Lake, Utah) and other countries which enjoy a dry climate. 
Most of the salt of commerce is, hoTvever, now obtained by 
evaporation in pans of the naturally occurring brine or the 
brine obtained by dissolving rock salt in water. varying the 

manner in which the crystallisation of the salt is caused to take 
place, salt crystals of varying degrees of fineness are produced. 
Rapid evaporation, at the boiling-point, for example, accom- 
panied by agitation of the solution, causes the salt to separate 
in the finely crystalline form desired for table-salt. 



CHAPTER XXIll 

NITROG-EN. THE FROEUCTION OF FERTILISERS 
AND EXPLOSIVES 

Of aU the chemical elements of which our text-books describe 
the properties, none, perhaps, was, until a comparatively short 
time ago, so uninteresting as nitrogen. From the time of its 
discovery by the botanist Rutherford in 1772 (p. 145), down to 
the end of the nineteenth century, scarcely a character or 
property of a positive nature was ascribed to the element. Its 
properties were negative properties, and were described in 
negative terms. Useless when alone, it did not readily enter 
into reaction ^^Ith its fellow-elements ; and it played, at best, 
the rdle — again negative in character — of acting as a drag on 
the too vigorous activity of the atmospheric oxygen. 

That an important part in the economy of nature has, never- 
theless, been assigned to tliis element, is abundantly clear from 
the fact that it is an essential constituent of the most important 
animal and vegetable materials (protoplasm, proteins), a con- 
stituent without wliich life itself is impossible. Moreover, a 
number of very important mineral compounds of nitrogen have 
long been known, such as saltpetre or potassium nitrate (ICN 03)5 
sal ammoniac or ammonium chloride (NH^^Cl), and nitric acid 
(HXO 3 ), so that, however uninteresting the element itself may 
appear to be, its compounds have played a part of considerable 
importance in the economy^ of nature and in the progress of 
civilisation. 

Nitric Acid. — ^In a ivork belonging to the thirteenth century 
and written in Latin under the name (possibly a pseudonym) of 
Oeber, the preparation of what is now called nitric acid, by 
strongly heating in an alembic or retort a mixture of saltpetre, 
alum and copper sulphate, is described ; and in the seventeenth 
century, Ouauber describes its preparation by heating saltpetre 
and sulphuric acid. The importance of nitric acid Avas early 
recognised by the alchemists, who found that it readily dis- 
solves metals like lead, copper and silver which are attacked 
with difficulty by hydrochloric and sulphuric acids, and they 
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gave to this valuable reagent, therefore, the name aqua forth. 
By its means, silver could be separated from gold. It was, more- 
over, found that if, in the preparation of nitric acid, sal ammoniac 
or common salt was added to the saltpetre in the retort, a liquid 
— which one now knows W’^as a mixture of hydrochloric and nitric 
acids — was obtained which would even dissolve gold; and 
because of its solvent power on the king of metals, this liquid 
was called aqua regia. By the thirteenth century, then, chemists 
had become acquainted with the three most powerful acids, 
hydrochloric, sulphuric and nitric acids, so that a much more 
rapid development of chemical knowledge could take place than 
was possible when acetic acid — known in ancient times — was the 
only acid recognised. 

Until early in the present century, nitric acid, whether 
required for the production of sulphuric acid by the lead- 
chamber process, or for the 
manufacture of explosives, 
was universally prepared by 
the method of Glauber, ex- 
cept that, after 1830, Chile 
saltpetre or sodium nitrate 
was substituted for the more 
expensive potassium nitrate. 

On heating sodium nitrate 
in a retort (Fig. 75), with 
concentrated sulphuric acid, 
reaction readily takes place 
in accordance with the equation : 

NaN 03 -h H 2 SO 4 = NaHSO^ + HNO 3 

Sodium Sulphuric Sodium Kitrie 

nitrate acid. hydrogen sulphate. acid. 

Nitric acid distils over, and can be collected in a cool receiver 
The pure acid is colourless, but, owing to the slight decom 
position of the nitric acid by heat, with formation of the brown 
coloured oxide, nitrogen peroxide or tetroxide (NO 2 or N 2 O 4 ), 
the acid exhibits a slightly yellow colour. Nitric acid is a highly 
corrosive liquid, which destroys animal and vegetable matter. 
When diluted with water, it stains skin, silk and wool yellow. 
It is a powerful oxidising agent. 

As long ago as 1784, Cavendish showed that when electric 
sparks are passed through air, oxides of nitrogen are formed 
through combination of the oxygen and nitrogen ; and when 
these oxides are absorbed in water or in alkalis, nitric acid or 
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nitrates are obtained. The possibility of obtaining nitric acid 
from the air ivas thereby demonstrated. When, therefore, in 
the closing rears of the nineteenth century the fixation ’’ of 
atmospheric nitrogen, or the conversion of atmospheric nitrogen 
into the form of compounds, for use, more especially, as fertilisers 
in agriculture, appeared to be a matter of importance and even 
of urgency, it was only natural that attempts should be made by 
chemists and engineers to apply the scientific fact discovered 
by Cavendish and to develop it into a commercially successful 
process. 

In this connection it is important to note one respect in 
which the combustion of nitrogen, or the combination of nitrogen 
with oxygen, differs from the combustion, say, of hydrogen. 
When hydrogen burns, a large amount of heat is given out, and 
consequently, when a mixture of hydrogen and oxygen is ignited 
at any point, the temperature of the surrounding gas is raised to 
the ignition point and the flame spreads throughout the whole 
mixture- In the case of nitrogen and oxygen, how^ever, com- 
bination takes place with absorption of heat — the reaction is an 
endothermic one — and heat must therefore be continually added 
to the mixture in order to allow the process of combustion or 
combination to proceed. Indeed, if it were not so, a flash of 
lightning would set the whole atmosphere ablaze, and deluge 
the world in a sea of nitric and nitrous acids. 

Further, the reaction between nitrogen and oxygen whereby 
the compound nitric oxide is formed, is a reversible reaction 
(p. 320), represented by the expression : 

-f O 2 ^ 2NO 

Nitrogen. Oxygen. Nitric oxide. 

and at a given temperature, therefore, only a partial combination 
of the gases t^kes place. It is, however, a general rule (theorem 
of Le Chatelier) that, in such a case, the reaction which takes 
place with absorption of heat is favoured by raising the tempera- 
ture ; and it is therefore to be expected that as the temperature 
is raised, the proportion of nitric oxide produced will become 
greater and greater. This prediction from theory was confirmed 
by experiment. 

In 1903, the Norwegian physicist, Kristian Birkeland 
(1867-1917), Professor of Physics in the University of Christiania 
(Oslo), and the engineer, Dr. Samuel Eyde, developed an 
economically successful process for the production of nitric acid 
from the nitrogen and oxygen of the air. Air was passed into a 
special furnace in which an electric arc was formed, and at the 
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higli temperature so obtained (about 3000^ C.), the nitrogen 
and oxygen combined to form nitric oxide (NO). Tbe gases 
were then led away from the furnace, rapidly cooled and passed 
into chambers lined with acid-proof stone, where time was given 
to the nitric oxide to combine with the free oxygen present in 
the air and so to form the brown-coloured higher oxide, nitrogen 
peroxide^ NOo. On absorbing this gas in water, nitric acid is 
formed as shown by the equation : 

3 NO 2 + HoO = 2 HNO 3 -f NO 

and when oxygen (air) is also present, it combines with the 
nitric oxide to reproduce nitrogen peroxide, which in turn 
gives more nitric acid. 

It was in Southern Norway, at Notodden and Rjukan, that 
the process was mainly operative ; and there, in 1927, about 
38,000 tons of nitrogen were converted into 171,000 tons of 
nitric acid. This great and romantic undertaking, however, in 
spite of the success wdiich it achieved, has had to give way before 
a younger and more lusty rival ; and the arc process, the first 
industrially successful process for the fixation of atmospheric 
nitrogen, was, after celebrating its semi-jubilee, closed down in 
1928. Instead of being used for the production of high 
temperature arcs, the electrical energy available in Southern 
Norway will now be utilised for the electrolytic production 
of hydrogen, which in turn will be used for the production 
of synthetic ammonia. By the combustion of this compound, 
as will be discussed* more fully later, nitric acid can be 
obtained. 

Oxides of Nitrogen. — Besides the compounds, nitric oxide,^ 
NO, and nitrogen peroxide, NO 2 or N 204 ,^ to which reference 
has iust been made, nitrogen can form three other oxides, N 2 O, 
N 2 O 3 and N 2 O 5 , the last two oxides being the anhydrides (the 
acids minus the elements of water) of nitrons acid^ HNO 29 and 
nitric acid^ HNO 3 , respectively. Nitrogen, therefore, forms a 
series of no fewer than five oxides, the composition of which 
was first fully determined by Gay-Lussac in 1816. The exist- 
ence of these oxides forms an excellent illustration of Dalton**s 
law of multiple proportions (p. 56). 

^ On a small scale, nitric oxide is best prepared by the action of nitric acid 
on copper: SCn-{- 8 HIX 03 = 3 Cn(N 03 ) 2 -|- 2 N 0 -l- 4 H 20 . Tbe gas may be collected 
over water. 

^ At low temperatures, tbis oxide exists mainly as molecules, but as tbe 

temperature is raised, tbe IST^O^ molecule dissociate into NOg molecules. Tbis 
process is accompanied by a marked deepening of tbe brown colour. 
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On analysis 5 the oxides are found to have the following 
composition : 

Percentage composition 


Xitrogen Oxygen. 

Isitrons oxide - 63-63 36-37 

IS^itric oxide ... . • 46-67 53-33 

Kitrous anliydride 36-84 63-16 

Nitrogen tetroxide ... - - 30-44 69-56 

Nitric anhydride . , . - 25-93 74-07 


If, from these numbers, one calculates how much oxygen is 
combined with a definite amount, say, 100 parts by weight, of 
nitrogen, it is found that these amounts are 57*15, 114*3, 171-5, 
228*5, 285*7 respectively. These numbers, it is found, are in 
the ratio 1 : 2 ; 3 : 4 : 5. 

Nitrous Oxide. — When Joseph Priestley, in 1772, allowed 
nitric oxide (NO), which he had just discovered, to stand in 
contact with a mixture of iron filings and sulphur, he found 
that the volume of gas diminished, and that the nitric oxide, in 
which a candle would not burn, had been converted into a gas in 
which a candle burned with an enlarged flame. The same gas 

could also be obtained 
by the action of zinc 
on dilute nitric acid. 
This gas, the pro- 
perties of which were 
first studied by Priest- 
ley, is now known as 
7iitrous oxide (N 2 O), 
and is most con- 
veniently prepared in 
a pure state, by care- 
fully heating ammo- 
Fig, 76. — Preparation of nitrous oxide nium nitrate (Pign 76). 

This fact was first 
discovered in 1785 by the French chemist, Claude Louis Beb- 
THOLLET, along with Pierre Simon de Laplace, who later became 
famous as a mathematician and astronomer, the decomposition 
being represented by the equation : 

NH 4 NO 3 = N 2 O + 2 H 2 O 

Ammonium nitrate. Nitrous oxide. Water. 



As the gas is fairly readily soluble in cold water, it is best 
collected in a pneumatic trough over hot water, or over brine. 

Twenty-four years after the discovery of nitrous oxide, the 
view was advanced by that very remarkable man, Samuel Latham 
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Mitchill (1764f-1830)5 Professor of Natural History, Chemistry 
and Agriculture, at Columbia University, New York/tliat nitrous 
oxide, or oxide of septon as he called it, is the cause of all con- 
tagious diseases and is able to produce the most horrible effects 
when it is inspired or even brought in contact mth the skin. 
This extraordinary theory might, perhaps, have had no more 
effect on the progress of science than that of a breeze ruffling 
the surface of the sea, if it had not been that, in Cornwall, about 
the same time, an English boy, Humphry Davy, had become 
interested in chemistry. In 1798, Da\y, who was at that time 
apprenticed to a surgeon-apothecary in Penzance, became 
acquainted with iMitchilPs theory, and he forthwith prepared 
some nitrous oxide and proceeded to test the theory experi- 
mentally. In recording his results, he stated : Wounds were 
exposed to its action, the bodies of animals were immersed in it 
without injury ; and I breathed it mingled in small quantities 
vdth common air, without remarkable effects.'^’ The results of 
experiment did not accord with the theory. In the foUoT^dng 
year, being then installed at the Medical Pneumatic Institution 
at Bristol, Da^y resumed the investigation of nitrous oxide, 
and he laid the foundation of his scientific career, which came 
to mean so much for the advance of chemical science, by his 
discovery of the property of nitrous oxide of producing, when 
inhaled, a nervous exaltation, followed, on more prolonged 
inhalation, by ansesthesia. From the fact that the state of 
exaltation was sometimes accompanied by involuntary laughter, 
the gas was popularly called laughing ga^s,'"'" The discovery 
is referred to by the authoress, Maria Edgeworth, a sister of 
Mrs. Beddoes, in the following passage : 

A young man, a Mr. Davy, at Dr. Beddoes’, who has applied 
himself much to chemistry, has made some discoveries of import- 
ance, and enthusiastically expects wonders will be performed by 
the use of certain gases, which inebriate in the most delightful 
manner, having the oblivious effects of Lethe, and at the same 
time giving the rapturous sensations of the Nectar of the Gods I 
Pleasure even to madness is the consequence of this draught. 
But faith, great faith, is, I believe, necessary to produce any 
effect upon the drinkers, and I have seen some of the adventurous 
philosophers, wfflo sought in vain for satisfaction in the bag of 
Gaseous Oxyd,’ and found nothing but a sick stomach and a 
giddy head.” 

The discovery of the physiological action of nitrous oxide 
created something of a sensation, and, although the properties 
of the gas as an ansesthetic (especially in dental surgery) were 
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not made use of until a much later time, the intoxicating and 
exhilarating action of the gas induced many, including the poets 
Southey i and Coleridge, to seek “ satisfaction^ in the bag of 
gaseous Oxyd ” — not always, it is gathered, with the desired 
result. 



Laughing Gas 

(Illustration by G. Cruikshank from Scoffern’s Chemistry No Mystery.) 

“Some jumped over the tables and chairs; some were bent upon making 
speeches; some were very much inclined to fight; and one young gentleman 
persisted in an attempt to kiss the ladies ” 

^ Southey, on one occasion, describes his sensations on inhahng nitrous oxide, 
as follows : “ My first definite sensation was a dizziness, a fulness in the head, 
such as to induce a fear of falling When I took the bag from my mouth, 

I immediately laughed The laugh was involuntary but highly pleasurable, 
accompanied by a thrill all through me ; and a tingling in my toes and fingers, a 
sensation perfectly new and delightful . Certain I am that I felt myself more 
than normally strong and cheerful ” 
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Nitrous oxide, which resembles oxygen in its power of sup- 
porting combustion, can be distinguished from this gas by its 
failure to react with nitric oxide, XO. ^Vhen oxygen is mixed 
with nitric oxide, the brown gas, nitrogen peroxide", NO 2 , readily 
soluble in water, is formed ; but no such action is given with 
nitrous oxide. 

Ammonia. — ^Even at a very earb" time, the term sal 
ammoniacum was applied to the common salt or soda, or mixtures 
of these which were found in the Libyan Desert, in the neigh- 
bourhood of the temple of Jupiter Ammon ; but at a much later 
date, perhaps about the twelfth or thirteenth century, the name 
became generally used for the salt which is now known as sal 
ammoniac or ammonium chloride, XH^CL 

In 1727, it was observed by Stephex Hales, who w^as, as has 
been mentioned, the inventor of the pneumatic trough, that when 
sal ammoniac was heated in a retort along with lime, in an 
apparatus such as is represented in Fig. 12, p. 97, no gas collected, 
but water was sucked into the retort. A number of years later, 
about 1772, Priestley succeeded in collecting an alkaline gas by 
repeating the experiment of Hales, using mercury, however, in 
his pneumatic trough in place of water. The gas is very soluble 
in water, and to it Bergman, in 1782, gave the name ammonia. 
A solution of ammonia in water had long been known under the 
name of spirits of hartshorn^ so called because it is obtained^ by 
heating in a closed retort, horns, hoofs and other nitrogenous 
matter ; and, in fact, until the time of Priestley, ammonia was 
known only in the form of its solution. The solution has an 
alkaline reaction, and it is therefore inferred that ammonia 
combines to some extent, at least, with water so as to form 
ammonium hydroxide,^ XH 4 OH. On neutralising these solu- 
tions with acids, salts are obtained, such as ammonium chloride 
(NH 4 CI) and ammonium sulphate, (NH 4 ) 2 S 04 . 

It has already been pointed out that when coal is distilled 
in retorts for the production of gas or coke, considerable quanti- 
ties of ammonia are obtained ; and until 1913, this was by far 
the most important source of ammonia and of its salts. The 
ammonia so produced was, for the most part, converted into 
sulphate of ammonia or ammonium sulphate, by means of sul- 
phuric acid and was used as a nitrogenous fertiliser. 

About 1906, a process was introduced for the purpose of 
utilising atmospheric nitrogen for the production of ammonia. 
This process depends on the fact that when nitrogen is passed 

^ The radical ” or gmup of atoms, which acts like an element, is known 

as ammonium. 
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over calcium carbide, CaCo, a substance which is used in large 
quantities for the production of acetylene (p. 218), suitably 
heated in retorts, a reaction takes place ^\dth formation of a com- 
pound kno\ra as calcium cyanamide, CaCN 2 d By heating this 
compound with steam, under pressure, ammonia is formed, as 
shown by the equation : 

CaCN^ + SFI.O = 2 NH 3 + CaCOo 



Priestley’s apparatus for collecting gases over mercury 


The nitrogen required for the production of calcium cyanamide 
is obtained by the distillation of liquid air, and the above pro- 
cess is therefore really one whereby ammonia is produced 
indirectly from the nitrogen of the air and the hydrogen of water. 

Interesting and important as was the process which has just 
been described for the production of ammonia from atmospheric 
nitrogen, there is one other reaction which attracted the attention 
^ According to the equation : CaCg + = CaCNg -f C. 
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of chemists from the moment when the importance of an in- 
creased production of nitrogenous compounds for use in agri- 
culture became apparent. This is the direct synthesis of 
ammonia from nitrogen and hydrogen. It had, for a considerable 
time, been well known that nitrogen and hydrogen combine 
under the influence of the electric discharge, but the amount of 
ammonia produced was very small ; and it was also known that 
the reaction between nitrogen and hydrogen is a reversible one, 
and leads, therefore, to a state of equilibrium. The concen- 
tration of ammonia, at the temperature employed, is exceedingly 
small, and all attempts to obtain an appreciable amount of the 
compound by direct combination of nitrogen and hydrogen 
ended in failure. 

In the closing years of the nineteenth century, however, new 
weapons had been forged — the weapons of chemical dynamics 
and of catalysis — and it was I'ealised that no success could be 
obtained in the industrial production of synthetic ammonia 
until the chemical dynamics of the reaction had been submitted 
to a systematic and exact investigation. This investigation was 
carried out, about 1905, under the guidance and direction, more 
especially, of the German chemist, Fritz Haber, at that time 
Professor of Chemistry at the Technical High School of Karlsruhe, 
and, since 1911, Professor of Physical Chemistry in the University 
and Director of the Kaiser Wilhelm Institute of Physical 
Chemistry and Electrochemistry, Berlin. By 1909, the scientific 
foundation on which an industrial process might be erected was 
laid, and in 1913, the industrial production of ammonia, by direct 
synthesis from nitrogen and hydrogen, was begun in Germany. 

The equation for the combination of nitrogen and hydrogen 
to form ammonia, namely : 

+ SHo == 2 NH 3 -4- 2 X 11,400 cals. 

shows that 1 gram-molecule of nitrogen combines with 3 gram- 
molecules of hydrogen to form 2 gram-molecules of ammonia ; 
or, if one takes the volume at N.T.P. of 1 gram-molecule 
(22,400 c.c.) as unit volume, one may say that one volume of 
nitrogen combines with 3 volumes of hydrogen to form 2 volumes 
of ammonia. In other words, combination of nitrogen and 
hydrogen is accompanied by a diminution of volume, and there- 
fore, according to the laws of chemical dynamics,! the proportion 

^ According to the theorein of Le Chatelier, a reaction which takes place with 
diminution of volume is facilitated or favoured by increase of pressure ; whereas, 
a reaction which takes place with increase of volume, is favoured by diminution 
of pressure. 
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of ammonia or the concentration of ammonia at equilibrium will 
be increased bv allowing the gases to react under a high pressure. 
Moreover, since the combination of nitrogen and hydrogen takes 
place with evolution of heat, the production of ammonia will, in 
accordance with the theorem of Le Chatelier (p. 322), be favoured 
by keeping the temperature low. These predictions from theory 
were borne out by experiment, as the following table shows : 


Percentage amount of ammonia in the equilibrium 
Temperature- mixture when the pressure was 

1 atmosphere. 100 atmospheres. 

800"" C. - - - 0*011 1*1 

700° C 0*021 2*1 

600° C - 0*048 4*5 

500° a 0*18 10*8 


In order, therefore, to attain success in the industrial synthesis 
of ammonia from its elements, the rule must be borne in mind : 
Maintain the gases under as high a pressure and at as low a 
temperature as possible. 

In this case, as in other cases, however, one encounters that 
factor which so sharply distinguishes success in the scientific 
laboratory from success in the factory, the factor of time. At 
500® C., it is true, quite an appreciable proportion of ammonia is 
formed by the direct combination of hydrogen and nitrogen, 
but the at which the ammonia is produced is so slow that the 
process would be industrially useless. By the use of a suitable 
catalyst, however, such as oxide of iron to which potassium 
oxide, molybdenum, aluminium oxide or other substances 
are added as promoters (p. 325), the reaction velocity can be 
satisfactorily increased ; and the synthetic production of am- 
monia has been added to the industries of the world. About 
600,000 tons of atmospheric nitrogen are now converted annually 
into ammonia, the amount of ammonia so obtained being far in 
excess of that produced by the distillation of coal ; and the pro- 
duction is rapidly increasing. 

Use in Refrigeration. — Ammonia is a colourless gas which 
is very soluble in water, and it is in the form of its aqueous 
solution, long spoken of as spirits of hartshorn^ that it is best 
known. With its pungent smell, every one is familiar. Although 
a gas under ordinary conditions, ammonia can easily be liquefied 
by a comparatively slight increase of pressure and lowering of 
temperature, as was, in fact, shown by Faraday in 1623 ; and 
owing to the fact that the liquid has a high latent heat of evapora- 
tion (p. 120), it is extensively employed for the production of ice 
and for purposes of general refrigeration. This may be effected 
in the following manner : Ammonia, liquefied by pressure, 
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circulates tlirougli pipes immersed in a tank of brine and is 
caused to boil under I'educed pressure. The latent heat of 
evaporation is abstracted from the brine, which is thereby cooled 
down to a low tempex'ature, and the cold brine is then circulated 
through the refrigeration chambers. Or, ice may be formed by 
placing metal containers filled with water in the cold brine. 

Nitric Acid from Ammonia. — Although ammonia burns 
readily in oxygen, it does not, under ordinary conditions, burn 
in air. If, however, a mixture of air and ammonia is passed over 
platinum, generally in the form of fine wire gauze, heated to a 
temperature of about 800^^ C., the platinum acts as a catalyst 
and accelerates the combustion of ammonia. In this process, 
nitric oxide is formed as represented by the equation : 

4 NH 3 + BOo = 4NO + fiH^O 

This apparently very simple reaction is one of exceedingly 
great economic importance, for, as has already been pointed out, 
nitric oxide combines directly with the oxygen of the air to form 
nitrogen peroxide (NO^), which when absorbed in water gives 
rise to nitric acid. By the oxidation of ammonia, therefore, it 
is possible to obtain the substance, nitric acid, which above all 
others is indispensable in the manufacture of modern explosives. 
The importance of the above process will be realised when one 
recalls that previous to 1913, all countries were dependent on 
Chile saltpeti*e for the production of nitric acid, and a country 
therefore could, in time of war, be rendered powerless by cutting 
ofi‘ its supplies of Chile saltpetre. It was, in fact, under the 
stimulus of the apprehension that such might be the fate of his 
country, that the German chemist, Wilhelm Ostwald, addressed 
himself to the task of developing into a successful industrial 
process the oxidation of ammonia to nitric acid. It was in 1913 
that Germany established the synthetic production of ammonia 
on an industrial scale, and in the later years of the Great War 
she obtained through that process and through the catalytic 
oxidation of the ammonia, all the ammonium nitrate and nitric 
acid which she required for use in explosives and in the manu- 
facture of explosives. Besides being used for the production 
of nitric acid, the catalytic combustion of ammonia is now also 
being used, to an increasing extent, for the production of the 
nitric oxide required as catalyst in the manufacture of sulphuric 
acid. 

Nitrogenous Fertilisers. — ^It was the German chemist, 
Justus vok Liebig (1803—1873), who first, in 1840, pointed out 
that plants do not subsist merely on the water and carbon dioxide 
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which they abstract from the air and the soil, but that they have 
to be fed*" with the elements necessary for the building up of 
their structures. No fewer than about thirteen elements are 
required by plants, and of these, the most important are nitrogen, 
phosphorus and potassium. One ton of wheat, it is stated, 
abstracts from the soil 47 lbs. of nitrogen, 18 lbs. of phosphoric 
acid and 12 lbs. of potash. Phosphorus, we have seen, is added 
to the soil in the form of basic slag, superphosphate or ammonium 



(Courtesp Sir John Iius<icU > 

EHeet^of nitrogenous fertilisers (ammonium sulphate) on plant growth. 


phosphate, and potassium in the form of potassium chloride or 
potassium sulphate. In the case of nitrogen, it is found that 
certain plants, such as peas, beans, alfalfa, clover and other 
leguminous plants, are able, through the symbiotic action of 
colonies of bacteria occurring in nodules on the roots of the plant, 
to take up elementary nitrogen from the air, and such plants, 
therefore, enrich the soil ; but in other cases, combined nitrogen 
must be added to the soil in a form which the plants can assimilate. 
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Owing to the apparent impossibility of coaxing the enormous 
store of elementary nitrogen contained in the air into suitable 
combination ^vith other elements^ mankind contented itself, 
resignedly if not complacently, with the natural sources of supply 
of useful nitrogen compounds ; and this position was all the 
easier to adopt as the natural supply was sufficient for the needs 
of the day. In 1898, however, Sir William Cbookes, as President 
of the British Association, delivered the solemn warning that 
the years of plenty were quickly passing. The supply of wheat, 
the staple foodstuff of Western peoples, from all the land available 
for cultivation, would soon be insufficient to provide for the 
needs of the growing population unless the yield of the soil 
could be greatly increased by intensive cultivation ; and this, 
in its turn, would, in a few years, exliaust all the known sources 
of combined nitrogen. Famine, therefore, stared them in the 
face, and there would be no Egypt from whose granaries supplies 
could be obtained. 

Apart from animal manures, which had only a local import- 
ance, agriculture depended for its supply of nitrogen fertilisers 
mainly on the ammonia produced as a by-product in the dis- 
tillation of coal and on Chile saltpetre or sodium nitrate. 
Although it was clearly a matter of importance to recover, as far 
as possible, the ammonia which is produced in the carbonising 
of coal, an increase in the amount of coal distilled, such as would 
afford an adequate supply of nitrogenous fertilisers, was 
economically impracticable ; and while it was quite feasible to 
increase very greatly the production of Chile saltpetre, it had 
to be borne in mind that the nitrate deposits, although enormous, 
are not inexhaustible. It is obvious, therefore, that the situation 
in 1898 was one wliich might well cause grave concern to men 
of foresight and Ausion, unless fresh sources of supply of the 
indispensable nitrogen compounds could be secured. As the 
discovery of new supplies of naturally occurring nitrogen com- 
pounds, in any considerable quantity, was not to be relied on, 
there was an imperath^e demand laid on chemists to discover 
some means of forcing the inexhaustible store of elementary 
nitrogen into such a state of combination that its assimilation 
by plants would be rendered possible. As Sir William Crookes 
said : The fixation of atmospheric nitrogen is one of the 

greatest discoA'eries awaiting the ingenuity of chemists And 
the ingenuity of chemists, assisted by the engineers, has, as we 
have seen, proA^ed amply equal to the task. Since 1903, three 
methods (to mention only the most important) have been dis- 
coA^ered by AAffiich atmospheric nitrogen can, on a large scale 
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and in a commercially successful manner, be forced into useful 
combination with other elements. These processes are, as we 
have seen, the arc process for the production of nitric acid and 
nitrates, the calcium cyanamide process, and, most important of 
all, the direct synthesis of ammonia. As a consequence of these 
developments, the synthetic nitrogen compounds constituted, in 
1927, no less than 56 per cent, of all nitrogenous fertilisers, 
whereas by-product ammonia constituted only 28 per cent., 
and Cliile saltpetre, 16 per cent. Moreover, %vhile the output 
from the last two sources remains practically stationary, the 
production of synthetic ammonia, more especially, is rapidly 
increasing and can be still fui'ther increased to any desired 
extent. 

Much of the ammonia which is now produced, by direct 
combination of nitrogen and hydrogen, is converted into various 
salts for use in agriculture, and of these the most important is 
ammonium sulphate^ (NHJ 2 S 04 ‘ Whereas, formerly, this salt 
was obtained by combining the -ammonia with sulphuric acid, 
one now finds that both in Germany and in England, the two 
countries in which synthetic ammonia is chiefly produced, use is 
made of gypsum or calcium sulphate. If a suspension of finely 
ground gj-psum in water is treated in a closed vessel with ammonia 
and carbon dioxide,^ ammonium sulphate and calcium carbonate 
are formed.^ The calcium carbonate is used for the production 
of cement, as will be described later. 

Explosives, — It has already been pointed out (p. 180) that 
man*’s progress towards a higher and more complex civilisation 
has depended very largely on his ability to utilise, control and 
direct energy — ^the energy of chemical change. Material progress, 
hovrever, depends not only on the amount of energy utilised but 
also on the extent to which energy can be concentrated, and 
so man has sought to obtain more and more concentrated forms 
of energy, for use both in peace and in war. Such highly con- 
centrated forms of energy are found in explosives. 

An explosive may be defined as a substance or mixture which 
is capable of undergoing extremely rapid combustion or decom- 
position, with production of gaseous substances which occupy a 
volume many times greater than — ^perhaps ten or twelve thousand 
times as great as — ^the volume of the explosive itself. In the 

^ In Germany and in England the hydrogen requiredior the ammonia sjmthesis 
is obtained from water gas, the carbon monoxide being removed by means of 
steam and a catalyst (p. 333 ). In this process, therefore, carbon dioxide is produced 
and this is used in the above reaction. 

® In accordance with the equation : 

CaS04 + H^O -f 2NH3 H- COa = GaCO^ -f 
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case of gunpowder, the first explosive to be used, one has a 
mixture of combustible substances (charcoal, sulphur) with a 
substance (saltpetre) which supplies the oxygen necessary for 
the combustion. In modern explosives — introduced since the 
middle of the nineteenth century — we have compounds in the 
molecule of which is contained the oxvgen necessarv for com- 
bustion, or compounds which are so unstable that when subjected 
to suitable shock, the molecules break up. In all these com- 
pounds the element nitrogen is present, and for their production 
nitric acid is required. 

The investigation of the action of nitric acid on various organic 
compounds or compounds of carbon, which led to the discovery 
of modern explosives, followed on the increased and cheapened 
production of nitric acid resulting from the exploitation and 
introduction into Europe of Chile saltpetre. Thus, in 184*6, 
ScHONBEiN discovered gim-cotton^ which is produced by the action 
of a mixture of nitric acid and sulphuric acid on cotton. Cotton 
consists, essentially, of the chemical substance cellulose, a com- 
pound of carbon, hydrogen and oxygen, represented, perhaps, by 
the formula, C 24 H 4 qO 20 - When this is acted on by a mixture of 
nitric and sulphuric acids, various compounds of cellulose with 
nitric acid (cellulose nitrates) are formed. The more highly 
nitrated compounds constitute gun-cotton. 

When ignited, loose gun-cotton burns with great rapidity, 
the oxygen required for the combustion being contained within 
the molecule of the compound itself. The molecule of gun- 
cotton, moreover, is in a very unstable condition, and when sub- 
jected to a shock, as, for example, when a little fulminate of 
mercury is caused to detonate near it, it suddenly decomposes 
and gives rise to a large volume of gaseous substances : nitrogen, 
oxides of carbon and water vapour. Since these gases are all 
colourless, and as no solid materials are formed, the explosion 
of gun-cotton is unaccompanied by smoke. 

The fulminate of mercury to which reference has just been 
made, was discovered in 1799 by Edward Charles Howard 
(1774-1816), brother of the 12th Duke of Norfolk, by adding 
alcohol to a solution of mercury in concentrated nitric acid. 
It is a white crystalline substance, having the formula, 
HgCaN^O^.iH^O. 

Even as late as the Napoleonic Wars, firearms were dis- 
charged by means of sparks struck by flint from steel, but in 
1805, a detonating lock was invented by the Aberdeenshire 
minister. Rev. Alexander John Forsyth, the detonating 
mixture consisting of potassium chlorate, charcoal and sulphur. 
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This device^ however, was soon displaced by the fulminate of 
mercury percussion cap, first invented, it is stated, by J. Shaw, 
of Philadelphia, in 1814. 

The explosive or disruptive effect of gun-cotton is very great 
by reason of the rapidity with which the decomposition of the 
substance takes place. Thus, whereas a couple of pounds of 
gunpowder require about a hundredth of a second for complete 
combustion, tlie same weight of gun-cotton undergoes decom- 
position in about one fifty-thousandth part of a second. It is 
on this fact that the shattering or disruptive effect, the 
brisance,"^ depends. It is this fact also that makes gun-cotton, 
which is very valuable as a high or disruptive explosive, 
unsuitable for use as a low or propulsive ’*’ explosive in 
guns. It would simply burst the gun. 

Although gun-cotton cannot be employed as a propellant, 
the advantages attaching to a smokeless explosive are so obvious, 
that attempts were made to overcome the difficulties due to the 
rapid rate of explosion. These attempts to “ tame the gun- 
cotton have been entirely successful. Although the less highly 
nitrated nitro-cottons are soluble in a mixture of ether and 
alcohol, forming the liquid collodion^ gun-cotton is, at most, 
only partially soluble in this solvent. It can, however, be 
obtained in a gelatinised state by dissolving it in acetone and 
evaporating off* the solvent. In this gelatinised state, the dis- 
ruptive properties of the gun-cotton are greatly modified, and 
such gelatinised gun-cotton can safely be used in firearms, as a 
smokeless powder. 

A further advance in the chemistry of explosives was made 
in 1847 by the Italian chemist, Ascanio Sobeero, Professor of 
Chemistry in the University of Turin, who found that when 
glycerine is acted on by nitric acid, a very highly explosive 
liquid is obtained, known as nitro-glycerine,'**’ or, more CQr- 
rectly, glyceryl nitrate.^ This substance, first manufactured 
on a commercial scale in 1862 by the Swedish chemist and 
engineer, Aefeei) Bernhard Nobel (1833--1896), founder of the 
Nobel Prizes, was difficult to handle on account of its great 
sensitiveness to shock, and was the cause of many fatal accidents. 
In 1866, however, after prolonged investigation, Nobel discovered 
that if the liquid nitro-glycerine was mixed with kieselguhr, a 
fine earth composed of the siliceous skeletons of marine diatoms, 
it could be transported and handled with comparative freedom 

^ The formation of this compound is represented by the equation : 

C3H,(0H)3 + 3HNO3 == C3H5(N03)3 + 3H3O 

Glycerine. Nitric acid. “ Nitro-glycerine.” Water. 
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from danger. 1 Tliis mixture was introduced commercially in 
1867 under the name of dynamite. Its explosion is initiated by 
means of a detonator. 

In 1875j Nobel produced a new type of explosive by dissolving 
nitro-cotton in nitro-glycerine, the tough jelly-like mass which 
is formed being known as blasting gelatine. That this explosive 
is more powerful than d^mamite — that it is, indeed, one of the 
most powei*ful blasting explosives known — will cause no wonder, 
since the nitro-glycerine is not mixed with an inactive material 
like kieselguhr, but with a substance which is itself an explosive. 

The British service pow’der, cordite^ is prepared by mixing a 
paste of gun-cotton (65 per cent.) and nitro-glycerine (30 per 
cent.), with acetone, and adding a quantity of vaseline (5 per 
cent.),- and the mixture is then forced by hydrauhc pressure 
through a die into the form of a thread or cord. Hence the name 
cordite. After evaporating off the acetone, the cordite forms a 
horn-like material which is very insensitive to shock and safe to 
handle. This “ taming action of gelatinisation on two of the 
most powerful explosives, is one ot* the most important and 
remarkable discoveries in this branch of science ; and gun-cotton, 
gelatinised in one way or another, is now the basis of all pro- 
pulsive ammunition. 

Although gun-cotton is extensively employed as a high 
explosive, more specially in torpedoes, other explosives, derived 
from the products of distillation of coal, are employed in shells. 
Of these explosives the two most important and most used are 
picric acid and trinitrotoluene. 

When carboHc acid (C0H5,OH), or phenol, to give it its 
scientific name, is treated with a mixture of nitric and sul- 
phuric acids, there is formed trinitrophenol or picric acid, 
C6H2(0H)(N02)3. This compound was first obtained by an 
English chefnist, Peter Woulfe (1727—1803), in 1771, but it 
was not till 1843 that it w^as prepared from phenol. On account 
of its bitter taste, the name picric acid ^ was given to the com- 
pound by the French chemist, Dumas. As ordinarily obtained, 
it is a faintly yellow crystalline substance, which has long been 
used as a yellow dye for silk. It was introduced as an explosive 
in France in 1885. Picric acid melts to a liquid at a temperature 
of 122^ C., and in this state it is run into the shell. On account 
of the honey-yellow^ colour of the molten picric acid, this substance 

^ Wood-flour or wood-meal, bximt cork, charcoal and other materials are also 
used as absorbents in place of kieselguhr, 

^ Vaseline lowers the temperature of the explosion and so reduces the erosion 
of the gun barrel, and it also increases the stability of the cordite when stored. 

® EVom the Greek iriKpos (picros), bitter. 
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received from the French the name of melinite , while in Eng- 
land it is called lyddite, on account of the fact that it was at 
Lydd, in Kent, that its use as a high explosive was first tested. 
In other countries it receives still other names, such as pertite 
(Italy), dumiite (U.S.A.) and schimosite (Japan). Although 
picric acid can be handled with perfect safety, its destructive 
power, when exploded by means of a suitable detonator, exceeds 
that of gun-cotton or dynamite. Some idea of the enormous 
amount of potential energy contained in picric acid can be gained 
' from the fact that when a pound of the substance is exploded, 
it liberates an amount of energy equal to that required to raise 
a weight of over a ton to a height of more than one hundred 
yards. Unfortunately, picric acid has the property of forming 
with metals compounds which are much more sensitive than 
itself, and so may give rise to untoward accidents. Another 
explosive, therefore, h^is come into favour in recent years, a 
substance derived from the hydrocarbon toluene, CgHg.CHg, 
and called triyiitrotoluene or T.N.T., or trotyl. This substance 
also is a solid, and can be subjected with impunity to very rough 
usage ; a bullet, even, may be fired into the mass without pro- 
ducing any effect. When detonated, however, trinitrotoluene 
explodes with a violence not much inferior to picric acid, but as 
the oxidation of the carbon in the compound is by no means 
complete, dense black clouds of carbonaceous matter are pro- 
duced, and this led to the nicknames of Coal-box and Black 
Maria being applied to the shells filled with this explosive. In 
order to secure more perfect combustion and, at the same time, 
to reduce the amount of T.N.T. required, ammonium nitrate, a 
substance containing an excess of oxygen, is now generally added. 
In this way the British service high explosive, amatol^ a mixture 
of 80 parts of ammonium nitrate with SO parts of T.N.T., is 
obtained. 

In times of peace no less than in times of war explosives are 
of great importance ; and by rendering possible such great 
engineering works as the Suez Canal and Panama Canal, and the 
removal, in 1885, of the reef known as Hell Grate in the channel 
of the East River, New York, they have played an important 
part in the peaceful progress of civilisation. 



CHAPTER XXIT 

SILICA, Cl. AY, LIME AXl) GLASS 


Silica 

Op the naturally occurring minerals, one of the first to attract 
the attention of men and to be used by them for ornamental 



Rook crystaL 


purposes, was, doubtless, the colourless, biglily lustrous rock 
crystal^ wliicli is found in many parts of the world in the form 
of beautiful hexagonal columns, capped by six-sided pyramids. 

381 
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Even at a very remote time, in ancient Egypt, rock ciystal was 
known, and used for decorative and ornamental purposes. By 
the early Greek philosophers, who regarded earth and stones 
as having been formed by the congealing of water, rock crystal 
was supposed “ to be but ice extraordinarily hardened by long 
and vehement cold (Boyle). It was called by them, therefore, 
crystallos or crystal. i It was for long regarded as a simple, 
elementary substance, and it was only in 1823 that Berzelius 
succeeded' iiy decomposing it, and in showing that it is an oxide 



Castle Geyser, Yellowstone Park. 


— as Lavoisier had assumed it to be — of an element to which was 
given the name silicon. 

Oxide of silicon^ Si02, or silica., as it is called, is, next to the 
felspars, the most abundant mineral in the earth'^s crust, of 
which, in fact, it forms 12 per cent. In compact, opaque or 
translucent masses of crystals, silica occurs very abundantly 
and is, in this form, known as quartz. Rock crystal and quartz, 
however, occur not only in colourless forms but also, owing to 
the presence of impurities, in various coloured forms, such as 
amethyst, cairngorm, rose quartz and smoky quartz. Silica 
occurs also in apparently amorphous but partly crystalline forms 
— chalcedony, carnelian, chrysoprase, agate, onyx, flint, etc.— 

^ Greek KpvaraXXof; (crystallos), ice. 

“ Derived from Latin ,nlex, flint. 
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and in an amorphous, hydrated form as opal. The waters of 
the Icelandic geysers, as ivell also as of those of Yellowstone 
Park, U.S.A., contain silica in solution, and tliis is deposited 
as a compact mass around the mouth of the geyser in the form 
of mounds, walls or castles.'"'* 

Silica is also present in plants — in grasses, bamboo, oats, etc. ; 
and kieselguhr,! which was used by Nobel for the manufacture 
of dynamite, is composed of the siliceous skeletons of myriads 
of microscopic water-plants called diatoms. 

Quartz Glass. — ^\Yhen crystalline quartz is heated in the 
oxy-hydrogen blowpipe flame, or in a specially constructed 
electric furnace, to a temperature of about 1650° C., it melts to 
a colourless liquid ; and when this liquid is cooled fairly rapidly, 
it solidifies to a clear, colourless, glassy mass — a supercooled 
liquid — which looks just like ordinary glass. It is, however, 
much more transparent than ordinary glass, not only to the rays 
of light of the visible spectrum, but also to the ultra-violet rays 
or invisible rays of short wave-length, now so largely applied in 
medical treatment. It is, in fact, the most transparent 
manufactured solid known ; and light may also be trans- 
mitted through a bent or curved rod of quartz glass with 
very little loss. Fused quartz, or quartz glass, possesses also 
the exceedingly valuable property that it expands and con- 
tracts only very slightly with alteration of the temperature 
(its coefiicient of expansion is only 0*00000055, or considerably 
less than one-tenth that of glass), and for this reason it can, 
unlike ordinary glass, be rapidly heated or rapidly cooled without 
cracking. It can, for example, be heated red hot and then 
plunged into cold water, or when cold, it can be suddenly intro- 
duced into the blowpipe flame ; or a ware enclosed within a 
tube of quartz glass may be heated to a bright red heat by means 
of an electric current while the tube is immersed in cold water, 
and the quartz glass remains in all cases uncracked. By reason 
of this property, quartz glass, formed into apparatus of various 
kinds and into articles of everyday use (e,g, globes for use with 
incandescent gas mantles), has come increasingly into use in 
recent years, more especially in cases w^here rapid changes of 
temperature are encountered. 

Silica, or quartz, is very resistant to acids, except hydro- 
fluoric acid with which it readily reacts, but it is readily dissolved 
by solutions of alkalis. 

When heated for some time to a temperature of about 1150° C., 
a temperature considerably below the point at which it becomes 
^ That is, in German, ^ceons earth. 
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fluid, the glassy quartz passes into crystalline form ; it 
devitrifies,^’ and can then no longer withstand, as before, 
sudden changes of temperature. 

Silicates and Silicic Acid. — The element silicon, of which 
silica is the oxide, belongs to the carbon family and is capable 
of forming compounds analogous to those which are formed by 
carbon. Its oxide, SiO^, is analogous to carbon dioxide, CO^, 
and, like this, is an acid oxide which is soluble in and unites with 
alkahs. The solubility of silica in alkalis was, in fact, known 
as early as the seventeenth century, and the thick oily liquid 
obtained by dissolving flint or quartz sand in alkali was called 
by Glauber oleum silieium or liquor silicium. 

At the present day, sodium silicate^ Na 2 Si 03 , analogous to 
the compound, sodium carbonate, Na 2 C 03 , is produced on a 
large scale by fusing quartz or wliite sea-sand (the grains of 
which consist almost entirely of quartz) with soda. The silica 
displaces the carbonic acid from the carbonate, and sodium 
silicate is formed. When the fused mass is allowed to cool, it 
solidifies to a glassy material which, because of its solubility in 
water, was, in 1818, given the name of water-glass^ by the Bavarian 
chemist, Johann Nepomuk von Fuchs (1774-1856), who also 
suggested many of the uses to w^hich it is now put. Commercial 
water-glass is an aqueous solution of sodium silicate with excess 
of silica dissolved in it, and it is used as an adhesive for glass or 
porcelain, as a coating on paper to form washable memorandum 
tablets, as a preservative for eggs and for numerous other pur- 
poses. Its use depends in these and in many other cases on the 
fact that it readily gelatinises or forms a gelatinous film. 

On pouring a dilute solution of water-glass into dilute hydro- 
cHoric acid, silicic acid is liberated. As the silicic acid does not 



crystallise, it is purified by dialysis. The 
mixtui'e is poured into a vessel known as a 
dialyser (Fig. 77), the bottom of which is 
formed by a membrane of parchment paper, 
or into a tube of parchment paper, which is 
then suspended in water. The sodium chloride 
formed in the above reaction, as well as the 
excess of hydrochloric acid, difliises through 
the parchment paper into the outside water, 
wdiereas the silicic acid does not do so. On 


Fig. 77.--Dialyser. concentrating the solution of silicic acid, it 
sets to a jelly which, on being heated, gradu- 
ally loses water and finally passes into the oxide, Si02. The 
silica so obtained forms a light, white powder. The partially 
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dehydrated jelly of silicic acid — -known as silica gel — forms a 
very porous material and is largely used for the purpose of 
adsorbing vapours, just as porous charcoal is used for adsorbing 
gases. 

Although the silicates of the alkali metals ai'e soluble in 
water, the silicates of the other metals, of calcium, magnesium, 

etc., and compound silicates, such as the felspars (p-g- potassium 
aluminium silicate), are insoluble ; and many of these form 
important naturally occurring minerals. 


Clay 

The compound silicates containing an alkali metal, although 
insoluble in water, are attacked by carbonic acid. When, 
therefore, felspathic minerals, present so abundantly in granites, 
are exposed to the prolonged action of atmospheric moisture 
and carbon dioxide, decomposition takes place with formation 
of alkali carbonate and aluminium silicate ; and this aluminium 
silicate, in a hydrated state represented by the formula, 
Al 2 H 2 (Si 04 ) 25 H 20 , and known as kaolinite^ is the main con- 
stituent of kaolin or white China clay. To this material is 
mainly due the plastic properties also of the common clays, in 
which, how^ever, the aluminium silicate is mixed with varying 
amounts of quartz, mica, oxide of iron, organic matter, or other 
impurities. 

Clay, the name given to natural deposits of varying com- 
position wliich become plastic when mixed with water, and 
which harden on drying, has played a very important part in the 
development of human civilisation. Even in the early days — 
perhaps twelve thousand years or more ago — when man was still 
using implements of flint and stone, he leariied that the soft 
and plastic mud carried down by the rivers, became hard when 
exposed to the sun, and still more so when heated in the fire ; 
and so he made bricks and built himself a house, and he moulded 
the clay into rude vessels in which to store his grain or even 
to cook liis food. And as the centuries passed, and the morning 
of culture broke with the invention of the art of writing, more 
than five thousand years ago, the Sumerian tribes of the Tigris 
and Euphrates valleys — one of the earliest centres of civilisation 
— and the Babylonians, Assyrians and Hittites after them, com- 
mitted their thoughts and their knowledge to ivriting on clay ; i 
and the library of the Assyrian king, Assur-bani-pal (seventh 
century B.C.), consisting of 22,000 clay tablets, was the greatest 
^ In Egypt, papyrus was used as the vehicle for writing. 


O 
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library of antiquity. As time jiassed, men found in clay a means 
also of expressing tlieir artistic feeling, and so bequeathed to us 
beautiful vases of Greek and Etruscan workmanship. 

Porcelain, Stoneware and Earthenware. — After the fall 
of the Roman Empire, the potter’s art was preserved by the 
Arabs, and from them it spread to other countries, even to India 
and China, and in the latter country it attained to great excel- 
lence. In due time, during the fifteenth and sixteenth centuries, 
Cliinese porcelain found its way to Europe where, during the 
seventeenth and eighteenth centuries, it was successfully 
imitated ; and from that time, the manufacture of porcelain 
has developed greatly in all the countries of the West. 

In the manufacture of porcelain, the purest china clay 
together mth the requisite amount of ground felspar and quartz 
is made into a slurry ” or suspension in water, and then passed 
tlirough filter presses. In this way is obtained a soft plastic 
mass which after being formed on the potter’s wheel or in a 
mould is heated in a kiln to a high temperature (1200°-1300° C.). 
In this process, the clay loses water and passes into the anhydrous 
silicate 3Al203,2Si025 and the felspar fuses and dissolves part 
of the quartz. A glass is thus produced which binds the mass 
together and renders it non-porous and non-absorbent of water. 
The mass also becomes translucent, in proportion to the amount 
of glassy material formed. 

In the production of stoneware, less pure materials are used 
and the fusion of the felspar is not so complete. The body of 
the ware, therefore, although non-absorbent, is not translucent. 

In the manufacture of earthenware, the temperature at which 
the ware is fired is lower than in the case of stoneware, so that 
very little vitreous material is formed, and the body is porous. 
This is called bisque ” or biscuit.” When pure materials are 
used, a white earthenware, invented by the English potter, Josiah 
\¥edgwood (1730-1795), and used as table-ware, is obtained. 

After the ware has been fired, it is coated with fusible material, 
such as ground felspar, lead borosilicate, etc., and again heated 
to a temperature of about 1000° C. A glassy film or glaze is there- 
by formed on the surface of the ware. For cheap earthenware, a 

gicize may be used. This is obtained by throwing salt into 
the firing kiln, when the vapour reacts with the clay forming a 
fusible sodium aluminium silicate which coats the ware with a 
glaze. 

Colour decoration, by means of coloured oxides, may be 
applied to the ware before glazing, or in the form of fusible 
enamels after glazing. The colours are then fixed by re-firing. 
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Mortar and Cement. — In the far-off days when man first 
began to build with sun-dried bricks, he used us his binding 
material, moist clay^ which hardened on drying ; hut at a much 
later date when the kings of Egypt erected the pAxamids of stone, 
Lxiey used a cement obtained by heating gypsum — a cement now 
known as plaster of Paris. The formation of plaster of Paris 
by heating gypsum doubtless led to the discovery of ordinary 
mortar. Ltiniestone or calcium carbonate, when strongly heated, 
decomposes, as has been pointed out, into quicklime (calcium 
oxide) and carbon dioxide ; and when water is added to quick- 
lime, combination takes place with evolution of heat and pro- 
duction of slaked lime or calcium hydroxide : 

CaO -f H^O = Ca(OH )2 

In the making of mortar, the slaked lime is mixed Avith a certain 
amount of sand, to prevent too great a contraction taking place 
when the mortar sets ; and the setting of the mortar depends on 
the fact that, on drying, the slaked lime forms a quasi-gelatinous 
material which binds the bricks or stones, and also that, when it 
is exposed to the air, it reacts with the carbon dioxide to form 
calcium carbonate. 

Useful as lime mortar is for structures on dry land, it will 
not set when in contact with water ; but even in early Roman 
times, as the architect Vitruvius, wTiting in the first century 
B.C., states,! it was known that there is also a kind of powder 
which from natural causes produces astonishing results. It is 
found in the neighbourhood of Baiae and in the country belonging 
to the towns around Mount Vesuvius. This substance, when 
mixed with lime and rubble, not only lends strength to the 
structures of other kinds, but even when piers are built of it in 
the sea, they^ set hard under water. This naturally occurring 
material, known in later times as pozzuolana (a siliceous tufa of 
volcanic origin), gives rise to calcium silicate when mixed with 
slaked lime and water, and was long used by the Romans as a 
hydraulic cement. Ground blast-furnace slag, which contains 
lime, alumina an,d silica in combination, acts similarly when 
mixed with lime. 

With the decline of Roman power, the knowledge of cements 
was lost, and it was not till 1756, when the English engineer, 
John Smeaton, was engaged in the work of building the Eddy- 
stone lighthouse in the English Channel, that the method of 
producing a hydraulic cement by mixing a burned argillaceous 

^ Marcus Viianivius Follio: de architecivray Book II, Chap. 6. Translated 
by M. H. Morgan. 
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limestone with pozzuolana, was rediscovered. Owing to the 
scarcitv of pozzuolana, however, attempts were made to obtain 
a cement without its use, and in 1824-25, the efforts of the English 
bricklayer, Joseph Aspdin, of Leeds, w^ere crowned Avith success. 
The cement wduch he obtained he called Portland cement^ on 
account of its resemblance to a Avell-known building stone, 
Portland stone. 

The raw materials used are generally clay and limestone or 
other form of calcium carbonate.^ These are mixed together so 
as to give the proper proportions of lime, alumina and silica, 
ground to a fine poAvder and heated to the point of incipient 
fusion in rotary kilns. These cyhndrical kilns, built up of steel 
plates and lined AAith firebrick, are five to ten feet in diameter, 
and from one hundred to tAvo hundred and fifty feet in length. 
The kiln is sloAvly rotated and the raAV material passes doAvn the 
tube to regions of higher and higher temperature produced by a 
flame of pulverised coal or fuel oil. The partially fused mass 
AA^hich is thus obtained is ground to a fine poAvder and constitutes 
the Portland cement of commerce. 

Concrete^ noAv so largely employed for building purposes and 
for road making, is a mixture of Portland cement Avith sand or 
gravel. 

Portland cement is a mixture more especially of silicates of 
calcium {e.g, the silicate, 3Ca0,Si02) and calcium aluminate 
( 3 Ca 0 ,Al 203 ), Avhich haA^e been formed by the interaction of the 
raAV materials at the high temperature of the kiln. Of the 
different constituents, the most important as a cementing 
material appears to be the calcium silicate, the cementing value 
of Avhich is due to the readiness Avith Avhich it giAms rise to a 
gelatinous silica Avhen mixed Avith AA^ater. 


Calcium Carbonate 

Calcium carbonate, or carbonate of lime, which, as Ave have 
just seen, is used so largely in the manufacture of Portland 
cement, occurs very abundantly and Avidely distributed, in various 
forms. Chalk and limestone have been formed from the shells 
or skeletons of marine organisms, deposits of Avhich have become 
compacted under pressure ; and coral is built up by the minute 
coral polyp. Marble is a limestone Avhich has been transformed 
by heat and pressure into a mass of small crystals. Large 

^ At Redwood City, California, the raw materials, consisting of a mixture of 
an argillaceous mud and oyster shells (calcium carbonate), are dredged from the 
bottom of San Francisco Bay. 
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transparent crystals of calcium carbonate are also found as 
calcite or Icelafid spar. This material has the property of double 
refraction, so that an object appears double when view^ed 
through a crystal of Iceland spar (Fig. 78). Pearls^ also, consist 
essentially of calcium carbonate deposited by the oyster, layer 
on layer, on a particle of some foreign body. 

Although calcium carbonate is sparingly soluble in pure 
water, it is, as has already been pointed out, converted into the 
soluble calcium bicarbonate^ Ca(HC 03 ) 2 , by water containing 
carbon dioxide in solution. This fact is one of great economic 
and geological importance. Not only is this solvent action 



Fig. 78. — ^Iceland spar, stowing double refraction 


responsible for the production of the hard water which is met 
%vith in all limestone or chalk districts, but it is the chief agent 
by which lime is transported tlmough the soil and rendered avail- 
able for plants. 

How great is the solvent action of carbonic acid, acting 
through the ages, is seen from the great limestone caves, like 
the Mammoth Cave, Kentucky, which has been gradually eaten 
out of the solid rock by water containing • carbonic acid. No 
sooner, however, are these caves formed than Nature begins to 
fill them up again ; for the rain water, percolating through and 
dissolving the rock, evaporates and leaves behind a minute grain 
of limestone. As drop follows drop through endless years, grain 




(Courtesy Uniofi Pamfic System.) (Copyright J. E. Eayneb, St. Paul.) 

Limestone Terraces, Mammoth Hot Sprmgs, Yellowstone Park. 

delicate and massive, are the forms which may thus be produced, 
and the sight presented by such a cave, suitably illuminated, is 
one of the most impressive that can be experienced. 

Spring water carrying calcium bicarbonate in solution will 
deposit calcium carbonate as the carbon dioxide escapes and the 
water evaporates. In this way there have been and are being 
formed, for example, the great terraced basins of limestone 
deposited from the water at Mammoth Hot Springs, Yellow- 
stone Park, U.S.A. Wood, also, impregnated with such water, 
becomes petrified through incrustation with carbonate of lime. 

^ Prometheus Unbound, 
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is added to grain, and an icicle-like stalcictite hangs pendent from 
the i-oof. As Shelley has so beautifully -written : i 

Prom the curved roof the mountain’s frozen tears. 

Like snow or silver or long diamond spires, 

Hang downward, raining forth a doubtful light. 

If the drops of water come faster, some may fall to the floor 
of the cave, and, evaporating there, build up a mighty column 
or stalagmite. Many and varied, graceful and grotesque, 
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Glass 

Important as lias been the part played by elay in the history 
of human civilisation, a part of even greater importance has been 
played by that other siliceous material, glass. 

Many, doubtless, are familiar with the legend reported by 
the Roman \mter Pliny in the first century of our era, which 
ascribed the discovery of glass to a party of Phoenician sailors 
who were forced by stress of weather to land on the sandy shore 
under Mount Carmel. Here, standing their cooking~pots on 
lumps of soda, with which their ship was laden, they observed 
the soda and the sand to fuse together under the heat of the fire, 
and so to form a glass. 

Although it may be that it "was by some such accident that 
glass w^as discovered,^ and although the Phoenician towms of 
Tyre and Sidon were, at an early period, almost as celebrated for 
their glass as for the famous purple dye which coloured the 
robes of kings, it is to Egypt that we must look for the first 
knowledge of glass or glass-like material ; to that country which, 
as Herodotus wrote, contains more wonders than any other 
land, and is pre-eminent above all other countries of the world 
for works which almost baffle description.'**' 

Even in pre-dynastic times (before 3000 B.C.), the Egyptians 
had discovered how to produce a glazed faience ; and from this 
glaze, glass was evolved as an independent material about the 
sixteenth century B.C. At first, glass was opaque and coloured 
by impurities, and used for beads and ornamental purposes. 
The use of glass for windows was introduced by the Romans, 
but it was a great luxury which only the wealthy could afford ; 
and although, as early as the seventh century, the windows of 
the great cathedrals were glazed, most private houses and 
smaller churches had tq be content with paper, bladder, mica, 
etc. In the words of the French proverb : L*’abbaye est 

pauvre, les vitres ne sont que de papier.'*'' 

What mankind owes to the first discoverer of the process of 
making clear and colourless glass, it is scarcely possible to 
describe. That first artificer in glass, as Dr. Johnson wrote, 
was facilitating and prolonging the enjoyment of light, enlarging 
the avenues of science, and conferring the highest and most 
lasting pleasures ; he wfis enabling the student to contemplate 
nature and the beauty to behold herself.’^ And in recent years 
glass has undergone a wonderful evolution through the work and 

^ The sand of Egypt contained lime, and such sand when fused with soda would 
yield an insoluble glass. 
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labours of chemists, who have shown how, by variation of the 
composition, the properties of glass may be altered in a most 
marvellous degi'ee ; and they have thereby made possible the 
construction of apparatus for the most diverse uses — prisms and 
lenses for lighthouses, microscopes, telescopes and other instru- 
ments — and so have contributed to the service of man and a 
knowledge of the universe. 

Unlike fused quartz or silica glass, ordinary glass is not a 
single substance, but a homogeneous mixture of silicates in 
which the silicate of sodium or of potassium is always present. 
Glass has, therefore, no definite composition, and by varying 



Mediaeval glass furnace. 

not only the constituents but also their relative amounts, glasses 
of various kinds and possessing very different properties can be 
obtained. 

Ordinary window glass and glass for table-ware and for general 
use, consist essentially of a mixture of the silicates of sodium 
and of calcium, although aluminium silicate is also present in very 
small amount. The quality and appearance of the glass depend 
largely on the purity of the materials employed in its manufacture. 

Fine quartz sand, sodium carbonate and sulphate,! and white 
chalk or limestone, are thoroughly mixed together in the proper 

1 Besearch lias shown that the addition of sodium sulphate, as also of small 
quantities of aluminium silicate, has the effect of strengthening the finished glass. 
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proportions, and the mixture is melted in lai'ge hre-clay pots, 
or in large rectangular tanks, placed in furnaces which are noiv 
generally heated by means of gas. At first the molten mass is 
almost opaque owing to the multitude of bubbles of carbonic- 
acid gas wliich permeate it, but after a time these bubbles escape, 
and a clear liquid is obtained. The desired article can then be 
formed either by pouring the molten glass into moulds or by 
blowing. In the latter case, a quantity of molten glass is taken 
up on the end of a longometal tube, and by blow’ing through the 
tube, hollow- articles of varied shape can, by the expert skill of 
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{Courtesif Prof. A. Silvertnan.) 

C-ylmders of glass produced by the Lubbers process. 

A, cylinder being formed ; B, finished cylinders. 

the glass blower, be obtained. For the production of “ sheet 
glass,” used for window-s, various processes are employed. 

In one process, glass cylinders are first blown by a method 
invented by J. H. Lubbers in 1896. A metal plate, shaped like 
an inverted saucer but with inturned edges, is lowered just 
below the surface of a mass of molten glass. Through a tube 
in the middle of the plate, air is now forced and a bubble, about 
two feet in diameter, is formed on the surface of the liquid. 
Very slowly, so that’ the motion is just perceptible, the metal 
plate is draw'n upwards. The bubble is thus slowly raised, and 
as it rises it draws the viscous molten glass wdth it, and this. 
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solidifying as it leaves tlie surface of the bath, torn is a cylinder. 

slight pressure of air is maintained inside the cylinder so as 
to keep the walls from collapsing. • In this way, veiy slowly, a 
cylinder about two feet in diameter and perhaps forty feet in 
height is gradually formed. This is then cracked off at the 
bottom, lowered on to a horizontal support and cut into suitable 
lengths by means of an electrically heated wire. These short 
cylinders are then cracked lengthwise by means of a hot rod ar^ 
placed in an oven heated to the softening point of the glass. The 
cylinder begins to unroll, and is then flattened out into a sheet 
by means of a special instrument. 



Sheet glass produced by the Fourcault process passing between rollers. 

(From Glasteolmische BeT%cMe, 1928.) 

By another process, developed more especially in Belgium 
by Emiue Fourcault and in America by Irving W. Colburn, 
sheet glass is produced by lowering a metal bar into the molten 
glass. As the bar is raised the glass adheres to it and solidifies, 
and in this way a sheet of glass can be drawn in much the same 
way as the cylinder of glass in the Lubbers process. The sheet 
of glass is drawn slowly upwards between asbestos-covered 
rollers enclosed in a tall metal box, and is thus slowly cooled. 
As it passes out at the top of the box, it can be cut into lengths 
as desired. 

The surface of this glass is not quite plane, but is covered 
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with slight depressions and ridges, and in consequence of this, 
objects viewed tln-ough such glass are more or less distorted. 
To get rid of this defect, the sheet glass is sometimes ground and 
polished, as in the case of plate glass, and in this way one obtains 
what is known as “ patent plate.” Such glass is largely used for 
the framing of pictures. 

Glass articles which have been formed by blowing or moulding, 
must be again heated to near the softening" point and then placed 
in an “ annealing ” chamber, where they can cool very slowly. 
The purpose of this is to get rid of the" stresses which are set 
up in the rapidly cooled glass and which render the glass very 



Sheet glass produced by the Foureault process. Glass at top of cooling chamber 

ready to be cut. 

(From QlcLstecJinische BericTite^ 1928.) 

liable to fall to pieces when scratched. This can be illustrated 
by what are known as Rupert’s drops,” obtained by dropping 
molten glass into hot oil, so that the glass is suddenly cooled. 
This glass is very hard, and can withstand even heavy blows 
with a hammer, but if the tail ” attached to the drop is broken, 
or if the glass be scratched with a file, the whole drop falls to a 
powder. 

That glass can be toughened or hardened by cooling rapidly 
in oil or otherwise, appears to have been known at least as early 
as the first century A.D., as the following incident, related by 
Petronius in that excellent satire, Cena TrimolchioniSy shows : 
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"" There was an artist who made glass vessels so tough and hard 
that they were no more to be broken than gold and silver ones. 
It so happen^ that the same person having made a very fine 
glass mug, fit for no man, as he thought, less than Caesar himself, 
he went with his present to the Emperor, and had admittance ; 
both the gift and the hand of the workman were commended, 
and the design of the giver accepted. This artist, that he might 
turn the admiration of the beholders into astonishment, and 
work himself the more into the Emperor's favour, begged the 
glass out of Cesar's hand ; and having received it, threw it with 
such a force against a paved floor, that the most solid and most 
firmest metal could not but have received some hurt thereby 
Caesar also was equally amazed and troubled at the action ; but 
the other took up the mug from the ground, not broken but only 
a little bulg'd, as if the substance of metal had put on the like- 
ness of glass ; and therewith taking a hammer out of his pocket 
he hammer'd it as if it had been a brass kettle, and beat out the 
bruise : and now the fellow thought himself in heaven, in having, 
as he fancied, gotten the acquaintance of Cmsar, and the admira- 
tion of all mankind ; but it fell out quite contrary to his expecta- 
tion : Csesar asking him if anyone knew how to make this 
malleable glass but himself, and he answciing in the negative, 
the Emperor commanded his head to be cut off'; " For,' said he, 

^ if this art were once known, silver will be of no more 

esteem than dirt.' " In such fashion did Nero encourage and 
foster science. 

By a systematic study of the influence of a large number of 
substances on the properties of glass, hundreds of diflerent 
glasses have been produced and their physical and optical 
properties examined. Some of these glasses have proved them- 
selves to be of the highest value, and have made possible the 
construction of apparatus and instruments by which scientific 
knowledge and material well-being have been greatly promoted. 
Moreover, glasses possessing very different expansibilities with 
heat have also been produced, and by welding together combina- 
tions of these, glasses have been obtained which undergo little 
change of volume on heating and can withstand even considerable 
and sudden alterations of temperature without cracking. 

In recent years heat-resisting glass with low coefficient of 
expansion has come into use for cooking utensils (e.g, pyrex 
ware). Such glass is obtained by reducing the proportion of 
soda and increasing the proportion of silica. Pyrex glass con- 
tains 80 per cent, of silica, 12 per cent, of boric oxide, with smaller 
amounts of soda and alumina (aluminium oxide). The value of 
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glass as compared with metal ware for cooking pui’poses depends 
on the fact that glass reflects a comparatively very small pro- 
portion of the radiant heat which reaches it, so that baking takes 
place more rapidly in glass than in metal dishes. 

The green colour so well knoivn in the case of cheap bottle 
glass, and seen in practically all old irindow glass, is due to the 
presence of small amounts of iron oxide derived from the impure 
materials, especially the sand, used in the manufacture of the 
glass. This green colour can be corrected by the addition 
of black oxide of manganese. The amethj’st colour which is 
thereby produced neutralises the green due to the iron, and a 
white glass is obtained. The amethyst or purple colour due to 
the manganese becomes evident when such glass is exposed for a 
lengthened period to bright sunlight. 

By fusing silica with a mixture of potash and red lead (oxide 
of lead), a lustrous glass with a high refractivity is obtained, and 
is known as crystal.*'’ When cast in suitable moulds, or, 
preferably, cut with a wheel and polished, it is much prized for 
vases and ornamental dishes of different kinds. A still more 
lustrous glass can be obtained by replacing part of the silica in 
the crystal glass mixture by boric acid, and so giving rise to what 
is called generally a boro-silicate glass. By reason of its brilliant 
lustre and high refractive power, such a glass, when suitably cut, 
sparkles and flashes in a mjTiad colours. It is, therefore, largely 
employed under the name of strass,” or paste,” for counter- 
feiting diamonds, and, when suitably coloured, other gems as 
well. 

When glass is heated for some time to a temperature just 
below the softening point, it devitrijies and becomes opaque, 
owing to the crystallisation of the silicates present in the 
glass. 

The production of coloured or stained glass is easily effected 
by adding small quantities of suitable substances to the molten 
mixture of silicates. Thus, as has already been mentioned, 
addition of iron imparts a green colour to the glass, whereas 
the addition of manganese oxide imparts to the glass an amethyst 
or purple shade. Salts of the metal uranium give to glass a 
yellowish-green fluorescence, and are much used in the production 
of fancy glass. With cobalt oxide the colour is deep blue, while 
with gold, a ruby red is obtained. Paste, coloured blue with 
cobalt, or red with gold, is used to counterfeit the sapphire and 
the ruby. These counterfeit gems must not be confused with 
the artificially prepared sapphires and rubies to which reference 
was made previously (p. 315). They can readily be distinguished 
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from the latter or from the naturally occurring gems by their 
much greater softness. 

In most cases the colour in glass is due to the formation of 
coloured silicates, e,g. silicate of manganese, silicate of cobalt, 
etc. ; but in the case of ruby glass, the colour is due to the 
presence of excessively minute particles of metallic gold. When 
a small quantity of gold is added to molten glass it dissolves, 
much as sugar dissolves in water, and if the glass is rapidly cooled 
it is found to be white or to have only a very faint yellow tinge. 
If, however, this glass is reheated, or if the molten glass is allowed 
to cool very slowly, metallic gold begins to be formed in very 
minute particles. As the particles increase in size, the colour 
deepens more and more to a dark ruby red, and different shades 
can be obtained by careful regulation of the heating and cooling. 
The particles, however, are so minute that they are quite invisible 
not only to the naked eye, but even under a powerful microscope, 
and the gold is said to be in the colloidal state — a state of matter 
which will be discussed in the following chapter. If too much 
gold is added, the metal may separate out in visible particles and 
so render the glass opaque. If selenium is added to a glass 
in which the place of lime has been taken by zinc oxide, a highly 
transparent red glass, much used for signal lamps, tail-lights of 
automobiles, etc., is obtained. 

Glass is also used in large quantities for the production of 
mirrors, which are greatly superior to the polished metal mirrors 
of our forefathers. In order to avoid distortion, plate glass, 
the surface of which has been polished quite plane and smooth, 
must be used, and one side of this is silvered.’’*' Formerly, 
this was effected* by coating the glass with an amalgam of tin 
and mercury, but mercury is a very expensive metal, and its use 
also involves the danger to the workman of mercurial poisoning. 
For the production of mirrors, therefore, this metal has been 
superseded by silver, the use of which is not only free from danger 
but allows also of a whiter reflecting surface being obtained. 
By adding caustic soda and ammonia to the solution of a silver 
salt, e.g, silver nitrate, a solution of silver oxide is obtained 
froni which metallic silver can readily be caused to separate out 
by the addition of certain reducing substances, such as glucose. 
The surface of the mirror glass, previously well cleaned, is laid 
on the silver solution, and if the conditions are properly arranged, 
the silver separates out very slowly and forms a coherent and 
highly reflecting coating on the surface of the glass. 
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THE COLLOIDAL STATE 

Whek the ordinary coarse matter which we can see and handle 
is crushed and ground, it can be broken up into smaller and 
smaller particles. At first, the separate particles may still be 
seen by the unaided eye, but as the process of grinding is con- 
tinued, the particles become so small that they can be distin- 
guished only with the help of a lens or of a microscope. One 
can, in imagination at least, and to some extent also in actual 
practice, carry the process of subdivision still farther, so that 
the particles become too small to be seen even with the aid of 
the most powerful microscope ; and the process of subdivision 
may be continued until, at length, one reaches the ultimate 
limit or degree of subdivision, the molecule, beyond which 
farther subdivision is impossible without destroying the chemical 
nature of the substance. Since the smallest particle of matter 
directly visible under the microscope is, perhaps, about a 
thousand times larger than the simplest molecule, there exists, 
as one can readily understand, a considerable range of sub- 
division of matter between the limits of the microscopically 
visible and molecular state ; and it is to this intermediate 

zone of subdivision of matter — ^this twilight zone of matter, as 
one may call it — ^that the term colloidal state of matter 
is applied. 

It may, perhaps, seem strange that this particular range of 
subdivision of matter should be singled out for special con- 
sideration, but the justification for this is found in the fact that 
matter in the colloidal state possesses properties which are not 
exhibited, or are not exhibited so markedly, either by molecular 
matter or by the grosser microscopic particles. Moreover, not 
only does matter in the colloidal state of subdivision present 
many problems of peculiar fascination to the student of natural 
phenomena, but it plays also a very important part in the most 
diverse fields — ^in almost every field one may say — of human 
activity. In agriculture and in the tanning of leather ; in the 
working of clay for the manufacture of the common brick or for 

^99 
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the production of the finest porcelain ; in the production of 
artificial silk and of smokeless ammunition ; in the dyeing of 
textile fibres and in the production of the blue of the sky or the 
blue of the eye, the colloidal state of matter plays a part. When, 
further, it is recalled that Nature has selected matter in the 
colloidal state to be the vehicle of life and as the medium in 
which all life processes take place, the importance and interest 
of a study and knowledge of the colloidal state become obvious. 

It is to the Scottish chemist, Thomas Graham (1805-1869), 



Thomas ORAxrAM. 

the discoverer of the law of diffusion of gases, that one usually 
assigns the credit of inaugurating the investigation of the 
colloidal state of matter. This position of honour in the history 
of scientific development was achieved, not so much by a pro- 
found contribution to our knowledge of the properties of the 
colloidal state, as by his discovery of a useful and convenient 
method of distinguishing between the molecular state of sub- 
division in wliich a substance exists in true solution, and the 
state of subdivision known as colloidal. As a result of his 
investigation of the diffusion of dissolved substances through 
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parchment paper or animal membrane, Graham, in 1861, found 
that while certain substances in solution pass through such a 
membrane, other substances do not do so. Since the substances, 
salt, sugar, etc., which could pass through the membrane were 
such as generally crystallise well, whereas those wliich did not 
pass through, e,g, gelatin, starch, silicic acid, etc., were believed 
to be amorphous and non-crvstallisable, Graham dmded sub- 
stances into two classes, crystalloids and colloids} and this dis- 
tinction was long maintained. Although it is now recognised 
that the distinction between crystalloids and colloids is to be 
found in the degree of dispersion or subdivision, yet from the 
practical point of view Graham’s classification is of importance ; 
for the process of dialysis discovered by Graham, gives a means, 
still generally employed, of separating and distinguishing between 
molecularly dispersed matter, existing in true solutions, and 
matter in the colloidal state of subdiyision. By this means, 
substances in the colloidal state, e.g. silicic acid, can be obtained 
free from crystalloids, or substances which exist molecularly 
dispersed in solution. The smaller particles, the molecules, 
can pass through the membrane, the larger particles cannot. 

The difference in diffusibility of molecules and colloidal 
particles is clearly demonstrated by the following simple experi- 
ment. Into two test-tubes is poured a 3 per cent, solution 
of gelatin, so as to form a layer about two inches in depth. After 
the gelatin solution has set to a jelly, there is poured into one of 
the tubes, a deep-blue coloured solution obtained by adding 
ammonia solution to a solution of copper sulphate ; and into 
the other tube, a deep-blue coloured colloidal sol of Prussian 
blue, obtained by adding a dilute solution of ferric chloride to a 
dilute solution of potassium ferrocyanide. After a few hours, 
it vdll be found that the blue copper compound has penetrated 
some distance into the gelatin layer, whereas the colloidal 
Prussian blue has not penetrated into the gelatin layer at all. 

Although Graham and many others after him were concerned 
mainly with finely subdivided solids dispersed in a liquid medium, 
it must be recognised that colloidally dispersed matter may 
exist in the solid, liquid or gaseous state, and that the dispersion 
medium also may be solid, liquid or gaseous, as in colloidal sus- 
pensions, emulsions, smokes, mists, etc. We shall confine the 
discussion here to those systems in which water is the dispersion 
medium. 

Heterogeneity of Colloidal Sols. — While it could be inferred 
from the experiments of Graham that the apparently homo- 
1 From the Greek icoAAa (koUa), glue. 



402 


THE. SPIRIT OF CHEMISTRY 


geneous colloidal solutions, or colloidal sols as they are called, 
in order to distinguish them from true solutions, are in reality 
heterogeneous and contain particles which have a magnitude 
greater than molecular, the existence of such particles is rendered 
evident to the eye by means of the Tyndall Phenomenon, 

If sunlight be allowed to pass through a hole in the shutters 
of a dai'kened room, the path of the beam is made evident by a 
diffused light in which the larger dust particles are seen to 

“ Glitter like a swarm of fire-flies, tangled in a silver braid.” 

This diffused light is due to the presence of particles which are 
large enough to reflect and scatter the waves of light, although 
too small to be seen as separate individuals by the eye. So also, 
by means of .this Tyndall phenomenon,*’’ as it is called, the 
presence of particles in a colloidal sol can be detected. If a 
beam of light is passed through pure water or through a solution 
of salt, the path of the beam is invisible ; the liquid is optically 
empty.” i But if the beam is passed through a colloidal sol, 
the path of the beam is traced by a diffused light, like the sun- 
beam in a darkened room. 

By means of the Tyndall phenomenon, then, one can detect 
the presence of particles too small to be seen in the ordinary 
way, if only the light reflected or dispersed by the particles, and 
not the direct rays from the source of light, are allowed to enter 
the eye. And it will be clear that if, instead of the unaided eye, 
one employs a microscope to examine the scattered light, the 
range of vision will be extended, and it will be possible to detect, 
although not actually to see in their own shape and colour, 
particles which are much smaller than can be seen when the 
microscope is used in the ordinary yvay. On the basis of this 
principle there has been devised an arrangement known as the 
ultra-microscope,^ by means of which not only the heterogeneity 
of colloid sols can be detected, but also the number of particles 
in a given volume of the sol determined. The arrangement is 
shown diagrammatically in Fig. 79. A powerful beam of light 
is sent horizontally into the liquid under investigation at right 
angles to the line of vision through the microscope. If the liquid 
under examination is optically empty, the field of view in the 
microscope will appear quite dark ; but if particles are present 
in the liquid, the light will be reflected and dispersed, and the 
minute points of light thus produced will stand out as bright 

^ Owing to the presence of floating particles even in filtered water, the “ Tyndall 
phenomenon ” will be observed with ordinary pure water. Special precautions 
must be adopted to free the water from all suspended particles. 
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specks against a dark background, in the field of \ie\r of the 
microscope. 

A very suitable liquid for examination with the ultra-micro- 
scope is colloidal gold sol which formed the basis of the potable 
gold ’’’ of the alchemists, and was rediscovered in 1856 by 
Faraday, who, obtained it by the reduction of gold chloride 
with phosphorus. The sol can readily be prepared by adding 
to a very dilute neutral solution of gold chloride a dilute solution 
of tannin (tannic acid). In the cold, no change occurs, but "when 
the liquid is heated a pink colour soon begins to develop ; and 
by making further additions of the gold and tannin solutions, a 
clear deep ruby-red coloured liquid is obtained. This contains 



the gold in a colloidal state, and is similar, in fact, to ruby 
glass (p. 398). 

On account of their smallness, these ultra-microscopic, 
colloidal particles exhibit the phenomenon of Brownian move- 
ment with extraordinary vividness. As Richard Zsigmondy, 
Professor of Physical Chemistry in the University of Gottingen, 
wrote : A swarm of dancing gnats in a sunbeam will give one 

an idea of the motion of the gold particles in the hydrosol of 
gold. They hop, dance, spring, dash together and fly apart so 
rapidly that the eye can scarcely make out their movements.*” 

And how large are those particles which are thus detected 
in the apparently homogeneous sols ? With the aid of even the 
most powerful microscope, the smallest particle that can be seen 
by the ordinary method must have a diameter of not less than 
about 3 00 01 )^^^ ^ millimetre or 0-1/4.^ ^ but by means of 

^ A micron, represented by ft (Greek fmi), m eqixal to one-tbousandtb of a 
millimetare (0*001 mm.), and a iraillimicro^ represented by is equal to one- 
tbousandtb of a micron,, or equal to one-milliontb of a ncdUimetre. 
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the ultra-microscopej particles having a diameter of less than 
six-millionths of a millimetre (fo'oo'ool) ^ millimicrons 

(O/xfc), can be detected. 

Some idea of the dimensions of the colloidal particles will be 
obtained from the statement that the diameter of the human red 
blood corpuscles is about 7*5//., micrococci have diameters of 
the order 1/^,, while the particles of colloidal gold sol have 
diameters of 7-15/>t/x. The molecule of hydrogen has a diameter 
of about O'l jjLjjL^ that of sodium chloride a diameter of about 
and that of cane sugar a diameter of about O-T/x/x, or 
about one-tenth of the dimensions of the smallest particles 
detectible by means of the ultra-microscope. The colloidal 
state, then, may be said to refer to matter in a state of sub- 
division lying between OT/x and 1/x/x. 

From the investigations carried out by means of the ultra- 
microscope, it is found that colloidal sols may contain particles 
of very different size, even in the case of the same substance, 
and there is every reason to believe that there exist, in some at 
least of the sols, particles which are smaller than can be detected 
by the ultra-microscope, although they are of greater than 
molecular dimensions. In short, there appears to be no sharp 
division between colloidal sols and true solutions, and it is possible 
to pass gradually and without break from one to the other. 

With regard to the dispersion of light by very small colloid 
particles, it may be mentioned that the shorter waves of light 
— ^the blue of the spectrum — are scattered more than the longer 
waves which make up red light. Consequently, when the path 
of a beam of light is observed from the side, against a dark back- 
ground, the scattered light waves which enter the eye are mainly 
the shorter wave-lengths, and so the sensation of blue is obtained. 
If, however, the colloidally dispersed matter is viewed by trans- 
mitted light, the colour appears red. The very fine smoke 
rising from a wood fire, for example, appears of a blue colour 
when it is illuminated from the side and when it is viewed against 
a dark background ; but when one views the smoke against a 
background of white clouds — that is, by transmitted light — ^the 
smoke appears reddish-brown in colour. 

In the same way, as Leonardo da Vinci (1452-1519) suggested 
long ago, one may explain the blueness of the sky by the scattering 
of the sunlight by finely dispersed particles in the atmosphere 
(or, as is now thought, by the molecules of the’ atmospheric gases 
themselves), the background being the blackness of infinite 
space. The blue colour of the iris of the eye and the blue colour 
qf feathers are similarly to be explained — as Wilder D. Ban- 
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CROFT, of Cornell University, lias so fully shown — as clue to the 
scattering of light by finely dispersed matter. 

Adsorption. — Since matter in the colloidal state is very finely 
subdi\dded, the extent of surface exposed is very large relatively 
to the total volume of the matter. ^ Surface forces, therefore, 
play a predominant part and bring about changes in the distri- 
bution or concentration of matter at the surface of the particles. 
This change of concentration at a surface, brought about by 
surface forces, is spoken of as adsorption^ and has many important 

example, in the phenomenon of adsorp- 
tion that one finds the explanation of the property of charcoal 
of removing noxious and obnoxious gases from the air, and of 
colouring matter from solution. The use of porous silica gel 
for the recovery of volatile solvents, the removal of gasoline 
vapour from natural gas, and of sulphur compounds from crude 
petroleum, likewise depends on the very large surface exposed 
by the gel and its consequently great adsorptive power.' 

In the production and characterisation of colloidal systems, 
adsorption plays a very important part. By the adsorption of 
ions from the dispersion medium or from electrolj^tes present in 
solution, the colloid particles acquire an electric charge ; and 
adsorption of the dispersion medium as a whole may also take 
place to a greater or less extent. Thereby, variation in the 
general behaviour of colloids may be produced. In the case of 
the so-called suspensoid or hydrophobe 2 colloids, such as colloidal 
sols of gold or of arsenious sulphide, the dispersed particles 
adsorb none or practically none of the dispersion medium ; and 
they exist therefore in suspension as non-hydrated particles, 
thh stability of which is due to their Brownian movement and, 
more especially, to the electric charge which they carry. In 
the case of the so-called emulsoid or hydropMle (or, generally, 
lyophile) colloids, such as colloidal sols of gelatin or silicic acid, 
the^ dispersion medium itself is adsorbed, to a greater or less 
extent, and the stability and properties of such a colloidal sol 
are due to the adsorbed water as well as to the electric charge 
on the particles. The greater the adsorption of the dispersion 
medium, the more will the stability and properties of the colloidal 
sol be dependent on this adsorbed medium, and the less will they 
depend on the electric charge. 

The existence of an electric charge on the colloidal particles 

^ If a cube of 1 cm. side were subdivided into cubes with a ^de of one-milbonth 
of a mdUimetre, tbe total surface would be increased from 6 square cm* to sixty 
million square centimetres or 6000 square metres. 

® That is, ‘‘ water-bating.^’ As a general term one uses lyopTwbe or “ solvent- 
hating.” 
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can conveniently be demonstrated with a colloidal sol of sulphide 
of arsenic (As2S3)5 which can readily be obtained by passing 
sulphuretted hydrogen into a solution of white arsenic (arsenious 
oxide). If the colloidal sol is placed in a (J -shaped tube^ and if 
wires connected with the terminals of a high voltage battery or 
dynamo (the ordinary electric-lighting circuit can conveniently 
be employed), are inserted in the liquid, one in either limb of the 
tube, it will be found that the sulphide of arsenic migrates towards 
and collects around the positive terminal. The particles of 
arsenic sulphide, therefore, carry a negative charge of electricity. 
Even -with fine suspensions, such as a suspension of fine clay, 
the same phenomenon is observed ; the clay particles collect 
around the positive terminal in a firm mass. Since the effect 
depends primarily on the voltage of the current, while only an 
insignificant amount of electi'icity is used, this ' process of 
catwplioresis}^ or electric transport of suspended particles, 
constitutes a very economical means of freeing a fine suspension 
from water ; and it has, in fact,* been applied to the drying and 
purification of clay. 

The process of cataphoresis or electrophoresis is also applied 
to the manufacture of articles of rubber. The juice or latex of 
the rubber plant consists of a liquid in which negatively charged 
colloidal particles of rubber are suspended, and these particles 
will therefore be carried to the positively charged electrode or 
anode. Moulds of any desired form, or fabric or wire, may thus, 
be coated with a layer of rubber, and in this way hot-water bottles, 
bathing caps, etc., may be produced, or wire may be insulated. 

Precipitation of Suspensoids. — Since the stability of sus- 
pensoid or hydrophobe colloids is mainly due to the electric 
charge carried by the particles and their consequent mutual 
repulsion, precipitation of the colloid is brought about by 
neutralising the electric charge. This can be readily effected 
by the addition of an electrolyte which, as we have seen, gives 
rise in solution to positively and negatively charged ions. 
Negatively charged colloid particles will preferentially adsorb 
the positive ions of the added electrolyte, and positively charged 
colloids the negative ions, the charge on the colloid being thereby 
more or less completely neutralised. When the electric charge 
on the colloid is neutralised, agglomeration of the particles, 
followed by precipitation, takes place, the colloidal precipitate 
so produced being known as a gel. Thus, if a small quantity 
of hydrochloric acid (hydrogen ion) or calcium chloride (calcium 
ion) be added to a colloidal sol of arsenious sulphide or of gold, 

1 From the Greek /caret (kata), down, and (pherein), to carry. 
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precipitation of the colloid takes place. A similar behaviour is 
found in the case of ordinary fine suspensions, e.g. of clay in 
water, and this is sometimes of considerable geological or geo- 
graphical importance. Thus, the sedimentation of finely divided, 
water-borne clay is markedly influenced by the purity of the 
water transporting it, and takes place more rapidly when salts 
are present than when they are absent. Tliis, indeed, is one 
reason for the rapid deposition of river mud on mixing with sea- 
water, and for the consequent silting up of river mouths and 
the formation of deltas such as have taken place at the mouth of 
the Nile and of the IVlississippi. 

The electrical charge on a colloid particle may be neutralised 
not only by the ion of an electrolyte but also by another colloid 
carrying an electric charge of opposite sign. When a positively 
charged colloid, such as ferric hydroxide, is added to a negatively 
charged colloid, such as arsenious sulphide, adsorption takes 
place with formation of larger particles ; and when the propor- 
tions of the two colloids mutally adsorbed are such as are just 
suflSicient to produce an uncharged particle, complete sedimen- 
tation takes place. The relative amounts of the two colloids 
required for complete mutual precipitation will depend on the 
mutual adsorbability of the colloids and are fairly accurately 
defined. The composition of the precipitate obtained will 
consequently be, at least approximately, constant. The pro- 
duction of these adsorption complexes, as they have been called, 
simulates, therefore, the formation of a chemical compound and 
has sometimes been mistaken for a process of chemical com- 
bination. Thus, Purple of Cassius, known and used as early as 
the seventeenth century for the colouring of glass and enamels, 
is not a compound but an adsorption complex of stannic hydroxide 
and colloidal gold. 

The process of adsorption plays an important and perhaps 
predominant part in the dyeing of textiles. In the case of the 
so-called acid and basic dyes, for example, one is dealing with the 
salt of a coloured acid ion (the dye ion being therefore negatively 
charged), or with the salt of a coloured basic ion (the dye ion 
being therefore positively charged). The more strongly positive 
the charge on the fibre, the greater will be the adsorption of a 
negatively charged or acid dye ; and the greater the negative 
charge on the fibre, the greater will be the adsorption of a 
positive or basic dye. Since addition of acid increases the 
positive charge on the fibre, through adsorption of hydrogen ion, 
adsorption (and therefore the dyeing effect) of a negative or acid 
dye will be increased in acid solution ; and, on the other hand. 



408 


THE SPIRIT OF CHEMISTRY 


positive or basic dyes will act most effectively, or be adsorbed 
most largely from alkaline solution. 

In the case of what are called substantive dyes, the dye itself 
is in colloidal solution, and addition of electrolyte increases the 
adsorption of dye by diminishing the stability of the colloid, just 
as electrolytes bring about the precipitation of arsenious sulphide. 

While it is found that, in very many cases, silk and wool 
have the power of taking up and fixing the dye-stuff* directly, 
it is frequently found that in the case of cotton the fixation of 
the dye has to be assisted by a mordmii^ which'is either a colloid 
itself or can give rise to a colloid. The colloid so formed is 
deposited on and within the fibre to be dyed, and attracts and 
fixes oppositely charged colloidal dyes. According to the nature 
of the dye, so must be the nature of the mordant employed, 
salts of aluminium, chromium, etc., which give rise to the 
hydroxides of the metals being used when the dye has a negative 
charge or has acid properties {e.g. alizarin) ; while tannic acid 
and similar substances are employed for dyes with a positive 
charge or with basic properties. After the dye has been 
adsorbed, secondary changes may take place which increase 
the stability of the adsorption complexes, and render the dye 
less easily removed. 

In the process of tanning, also, there is formation of adsorp- 
tion complexes between the hide — a positively charged colloidal 
gel — and the negatively charged colloid, tannin. The formation 
of the adsorption complex is followed by chemical changes 
whereby the process of leather production is completed. 

Giving to the presence of such colloids as ferric hydroxide 
and aluminium hydroxide, filtration through soil acts as a very 
efficient means of puiifying sewage and other waste water from 
organic impurities. These impurities in sewage, for example, 
have been found to be, to a large extent, negatively charged 
colloids and are therefore precipitated and retained by the 
positively charged colloids, ferric hydroxide and aluminium 
hydroxide. By such filtration through the soil, therefore, even 
the highly impure water which drains from cultivated and 
manured land is rendered comparatively sweet and harmless. 
In the same way, the purification of drinking-water by filtration 
through beds of sand or through charcoal, depends on the removal 
of impurities by adsorption on the large filtering surface exposed, 
and on the retention of positively charged colloidal matter, bac- 
teria, etc., by the negatively charged sand or charcoal particles.^ 

^ The rendering of sea- water potable by percolation through clay is mentioned 
by Aristotle. 
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An important application of tlie behaviour just described 
is found in sewage farms, where the drainage of towns is pumped 
on to the land and the liquid allowed to drain througli the porous 
soil. Here, the waste organic matter is retained and affords a 
rich nutriment for the giwing crops, while the liquid effluent 
which drains away is such that it might be drunk with safety. 
By such means can, in suitable surroundings, a source of annov- 
ance and loss be turned to profit. 

Emulsoid Colloids. — In the case of the eniulsoid or lyophile 
colloids, such as gelatin, albumin, etc., the stability *^of the 
colloid, although partly due to an electric charge on the particles, 
is mainly due to adsorbed water or, speaking generally, to 
adsorbed dispersion medium. Such solutions, thei'efore, are 
not so sensitive to added electrolytes. Although the addition 
of small amounts of an electrolyte may produce changes in the 
amount of water adsorbed by the colloid, actual precipitation 
does not take place until the concentration of added electrolyte 
is relatively large. 

The influence of electroljffes in altering the distribution 
of water between a colloid and its aqueous dispersion medium 
is of much importance in many biological processes and also in 
agriculture. Thus, although the presence of colloids is essential 
to the production of a good soil, too large a proportion of water- 
adsorbing colloid diminishes the fertility of the soil. By the 
addition of calcium sulphate (gypsum) to such a soil, a partial 
flocculation and diminution of the water-retaining power of the 
colloids are brought about, and the quality of the soil is thereby 
improved, A complete destruction of the colloidal properties 
of the soil, however, would greatly diminish its power to retain 
the water and salts necessary for the gro\Hh of vegetation, and 
must therefore be avoided. 

The comparatively great insensitiveness to electrolytes, shown 
by hydrophile colloids of the gelatin type, may be transferred to 
hydrophobe or suspensoid colloids of the type of colloidal gold 
or arsenious sulphide. 

When gelatin, for example, is added to a colloidal gold 
solution, the gold is adsorbed by the gelatin and a much ^eater 
concentration of electrolyte is required in order to precipitate 
the gold than is necessary in the absence of the gelatin. The 
gelatin is said to protect the gold. This so-called protective 
actiofi^ which varies greatly in different hydrophile colloids, is 
of much importance in many directions. 

The water of the Mississippi and of the Nile is always turbid 
and muddy, owing to the presence of a large amount of colloidal 
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organic matter which stabilises the fine suspension of clay and 
soil ; and it is only when the rivers reach the salt ^vater of the 
sea, with its high concentration of salts, that the finely dispersed 
mud is precipitated and forms deltas. 

The water of the Ohio River, on the other hand, is at all 
times clear, owing to the absence of protective colloids and the 
presence of lime and other salts which act as precipitating agents. 

By the use of protective colloids, sparingly soluble sub^stances, 
produced by chemical reaction, can be kept in the colloidal state 
and so prevented from undergoing flocculation and sedimenta- 
tion. Thus, when dilute solutions of silver nitrate and potassium 
bromide are mixed, there separates out a white curdy precipitate 
of silver bromide which is, by reason of its coarseness, quite 
unsuitable for photographic purposes ; but if gelatin is first 
dissolved in the solutions of silver nitrate and potassium bromide, 
no curdy precipitate but only a colloidal suspension of very fine 
particles is obtained on mixing the solutions. 

The protective action of hydrophile colloids is also clearly 
seen in the nature of the curd which is formed from milk, and in 
the readiness with which it is formed on addition of acid or of 
rennet. In cow^^s milk there is a relatively^ large amount of 
casein and a relatively small amount of the protective colloid, 
lact-albumin. Cow’s milk, therefore, readily curdles. In human 
milk, there is a smaller proportion of casein and a larger pro- 
portion of lact-albumin, so that the casein is more effectively 
protected,” and curdling takes place less readily. Human 
milk is, therefore, more readily digested than cow’s milk. In 
ass’s milk, the proportion of protective colloid to casein is 
highest of all, and curdling, therefore, takes place still less readily, 
and the digestibility of ass’s milk is greatest of all. By increasing 
the proportion of protective colloid in cow’s milk by the addition, 
for example, of gelatin, white of egg, or even barley water (con- 
taining starch), the formation of a curd in the stomach may be 
more or less completely prevented ; and the curd, if formed, is 
less compact. The digestibility of the milk is thereby increased. 

In the manufacture of ice cream, likewise, protective colloids, 
like albumin (white of egg) and gelatin, are made use of owing 
to the fact that in their presence the casein is prevented from 
coagulating and the ice particles are kept very small. The ice 
cream, therefore, feels smooth. 

Many colloidal sols, e.g, gelatin, agar, etc., when cooled or 
coagulated, pass into a jelly, owing to the coalescence of the 
hydrated colloid particles. The jelly so formed may be regarded 
as constituted by a honey-comb or network of hydrated; colloid, 
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tlie meslies or cells of wliicli are filled with a dilute solution of 
the colloid. The watei'-holding or liquid-holding power of 
such jellies is, sometimes, very great, as is seen from the fact 
that jellies have been obtained which contain less than 0*5 per 
cent, of the colloid. This property is made use of in the pro- 
duction of solidified alcohol,"’ a jelly formed by colloid calcium 
acetate in alcohol. The jelly is rendered more stable by addition 
of a small amount of stearic acid. 

Peptisation. — Although the addition of an electrolyte, in 
certain concentrations, may bring about the precipitation or 
flocculation of a hydrophobe or suspensoid colloid, it is found 
that very low concentrations of eIectrol 3 rte may render the 
colloid more stable. Similarly, it is found that small quantities 
of electrolyte may facilitate the dispersion of a substance and so 
produce a colloidal sol. This process of deflocculation, which 
is the reverse of flocculation or agglommeration of particles, is 
often spoken of as peptisation^ on account of its superficial 
resemblance to the process of conversion of insoluble protein 
into soluble or colloidally dispersed peptone. The peptising 
action of electrolytes is due to the preferential adsorption of one 
ion of the electrolyte, so that the colloid particle acquires a 
positive or negative charge. Thus, clay and silicic acid can be 
peptised or caused to pass into colloidal solution by shaking with 
a very dilute solution of alkali (containing hydroxide ions), 

Peptisation may also be brought about not only by the 
adsorption of ions, but by adsorption of liquids or of hydrophile 
colloids. Thus, cold water peptises tannin and soap, hot water 
peptises gelatin. Cellulose nitrate (collodion cotton) is peptised 
by a mixture of alcohol and ether, thus giving collodion. Even 
when adsorbed substances may not, in themselves, be able to 
peptise solids, they may, by acting as stabilisers and as pro- 
tective colloids, assist mechanical or other processes in the 
production of the colloidal state. Thus, as Dr. E. G. Acheson 
found a number of years ago, when graphite is ground with a 
solution of tannin, a colloidal sol of graphite can be obtained, 
the so-called dejlocculated Acheson graphite (^‘Dag’"^), which is 
largely employed as a lubricant. 

The production of colloidally dispersed or deflocculated 
materials by grinding in special colloid mills in presence of pro- 
tective colloids or dispersators,” is now a considerable indust^ 
Such very finely divided materials find application in the paint 
industry and as fillers ” in paper, rubber, etc. 
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THE RISE OF ORGANIC CHEMISTRY 

Down nearly to the end of the seventeentli century, die mists 
interested themselves almost entirely in the substances occurring 
in the non-living mineral world, but in his celebrated and widely 
read Cours de Chymie — the first clearly written text-book of 
chemistry — the French physician and chemist, Nicolas Lemkry 
(1645—1715), brought the substances occurring in plants and 
animals also within the ambit of chemical interest and investi- 
gation. Tow^ards the end of the eighteenth century one applied 
to such substances, on account of their association with living 
or organised ’’ matter, the term organic^ thereby distinguishing 
them from the inorganic substances which make up or which can 
be formed from inanimate, mineral matter. 

For long, chemists drew a sharp distinction between these 
two classes of compound-^the inorganic and the organic. It 
had, it is true, been shown by Lavoisier that organic compounds 
are composed, for the most part, of the elements carbon, hydrogen, 
oxygen and nitrogen — elements which occur in purely inorganic 
or mineral compounds — but it was thought that the power of 
building up these elements into the complex compounds occurring 
in the animal and vegetable organism, was the sole prerogative of 
the so-called vital force^ or vital energy, inherent in the living 
cell. Moreover, although Berzelius was able to show, in 1815, 
that the composition of organic compounds follows the laws of 
constant and definite proportions and can be represented by 
molecular formulae as in the case of inorganic compounds, yet, 
even as late as 1827, he upheld the view that while inorganic 
compounds could be prepared artificially in the laboratory, 
organic compounds could be produced only in the living animal 
or vegetable organism. The foundations of this belief, however, 
were already being sapped, and in the following year the German 
chemist, Friedrich Wohler (1800-1882), who in 1836 became 
Professor of Chemistry in the University of Gottingen, could 
write to Berzelius these momentous words — words which may be 
regarded as announcing the birth of modern organic chemistry : 

4J2 
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I must tell you that I can make urea without the need of kidneys 
or of any animal whatever.’’ 

It was in 1828, ivhile a school teacher in Berlin, that Wohler 
accomplished what was, perhaps, the most important work of his 
life, the conversion of ammonium cyanate into urea. On heating 
a solution of ammonium cyanate, a compound not produced in 
the living organism, there was formed, as Woliler discovered, the 
substance urea. This compound occurs in urine and had hitherto 
been known only as the product of animal metabolism. By the 
discovery that a distinctively organic compound produced in the 
animal organism could be formed from non-living material with- 
out the aid of the living organism, the gulf which had seemed to 
separate the compounds of the mineral world from those of 
animate nature, was bridged. 

This synthesis of an organic compound from inorganic 
material, which remained for a number of years the only one of 
its kind, received, about the middle of last century, abundant 
support and confirmation, so that the belief in the necessity of 
a vital force for the synthesis of organic substances could no 
longer be held. Although all the substances which occur in the 
animal and vegetable organism have not yet been prepared 
artificially, a sufficiently large number have been synthesised to 
dispel all doubt as to the theoretical possibility, at least, of 
artificially preparing all, and to show that chemical formations 
and transformations are governed by the same laws in animate 
as in inanimate nature. 

From the work of Wohler and of those who followed him, it 
became clear that no distinction between inorganic and organic 
compounds could be justified on the basis of origin or association 
with a living organism. Nevertheless, for the purposes of 
classification, it has been found justifiable and convenient 
to draw such a distinction on the basis of the chemical behaviour 
of the element carbon itself, an element which is present in all 
the compounds formerly classed as organic. The term ‘‘‘‘ organic ” 
is therefore retained, but with an altered connotation, for by 
organic compound ” one now means simply a compound of 
carbon, and by organic chemistry, the chemistry of the com- 
pounds of carbon. Under the heading of organic compounds, 
therefore, there are included not only the compounds formerly 
regarded as organic — compounds associated with the living animal 
or vegetable organism — but also all those much more numerous 
compounds of carbon which have been produced synthetically in 

the laboratory: .... 

Such a classification, which, like all classifications in science. 
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lias been made as a matter of convenience and for the purpose 
of facilitating the mastery and advancement of knowledge, is 
amply justified by the number of compounds which fall to be 
classed as organic ; for the number of carbon compounds now 
amounts to something like a quarter of a million. Further 
justification for the separation of the compounds of carbon into 
a special class is found in the fact that in their case one meets 
with a phenomenon which, although encountered in the case of 
the compounds of other elements, is found with extraordinary 
frequency in the case of the compounds of carbon. This is the 
phenomenon to which the name isomerism ^ has been given. 

Isomerism and Constitution. — ^When Dalton introduced his 
atomic theory, the basis on which all modern chemistry has been 
built, he showed, as we have seen, that a compound could be 
regarded as being formed by the combination or uniting of the 
atoms of the constituent elements in certain constant and definite 
proportions. While, however, the law, One compound, one 
composition,^^ has remained unshaken, the progress, more 
especially of organic chemistry, soon showed that the converse 
statement, One composition, one compound,^*’ which, to the 
earlier chemists, was equally an article of faith with the former, 
is very far removed from the truth. This fact first forced itself 
on the attention of chemists when Justus von Liebig (1803-1873), 
showed by analysis that the highly explosive compound silver 
fulminate, CNOAg, which he had prepared, had a composition 
identical with that of the harmless, non-explosive silver cyanate 
which had been prepared by Wohler. In other words, two 
compounds with markedly different properties were found to 
have the same composition, and to this new phenomenon there 
was given, on the suggestion of Berzelius, the name isomerism. 
As the number of carbon compounds became multiplied, the 
phenomenon of isomerism was more and more frequently observed, 
so that more than a hundred different compounds, for example, 
can be produced by the combining together of nine atoms of 
carbon, ten atoms of hydrogen and three atoms of oxygen 
(CgHioOs)* The existence of isomeric compounds can be 
explained by a difference in the arrangement of the atoms in the 
molecule, for, just as the same set of bricks can, by varying their 
arrangement, be formed into structures of very different kinds, so 
also the same atoms can, by varying their arrangement within 
the molecule, give rise to different atomic structures or different 
compounds. 

The discovery of isomerism, so entirely unforeseen by Dalton, 

^ From the Greek laos (bos), equal, and ixipos (meros), a part. 
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led to the recognition of the fact that the properties of a coax- 
pound depend not merely on its composition^ or the nature and 
numbei of the elements combined together^ but also on its 
internal structure or the arrangement of the atoms witliin the 
inolecule. Our knowledge of an organic compound, therefore, 
cannot be complete unless we know, not only its composition 
but also its internal structure or cojistiiution ; and the deter- 
mination of the structure or constitution of compounds is one 
of the most important problems with which the investigator in 
organic chemistry is confronted. 

A knowledge of the constitution is essential, also, for the 
successful carrying out of those processes of synthetic chemistry, 
of the building up of more complex from simpler molecules, to 
which^ we owe the existence of the vast array of dyes, drugs, 
medicinal chemicals, etc., derived from the simpler compounds 
obtained from coal tar and from other raw materials. The 
problem of elucidating the constitution or of unravelling the 
architecture of organic compounds may be, in the case of the 
more complex compounds especially, one of the greatest difficulty, 
and it requires for its solution great mental acumen, a profound 
knowledge of chemical behaviour and a highly developed scientific 
imagination. With regard to the general method of attack, only 
this much can be said here. Through the laborious efforts of 
numberless chemists, a knowledge has been gradually accumu- 
lated of the internal structure or constitution of a very large 
number of substances, and also of the relations between these 
different structures and the physical and chemical properties of 
the compounds. In order to determine the constitution of an 
unknown compound, therefore, the molecule of the substance 
is, by various chemical ^reactions, broken into bits, as it were, 
and one then seeks to identify the fragments, the simpler sub- 
stances, so obtained, with substances of which the constitution is 
already known. From the knowledge gained in this way, one 
may then attempt to piece the fragments together again, and so 
build up or synthesise the original substance. 

Theory of Molecular Structure . — ^The task of interpreting 
the results of experiments, of understanding the relations between 
the multitude of organic compounds and of elucidating their 
constitution would, however, be a hopeless one without the aid 
of some guiding principle and some method by which the mole- 
cular constitution can be represented. Throughout the first 
hcTlf of the nineteenth century, various theories of molecular 
structure were put forward by some of the most eminent chemists 
of the day, but it was not until after Frankland had, in 1852, 
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put forward liis tlieory of valency (p. 66), that a satisfactory 
theory of molecular structure could be advanced. Such a theory 
was put forward independently, in 1858, by two young chemists, 
Friedrich August Kekule and Archibald Scott Couper. 

Friedrich August Kekule was born at Darmstadt in 1829 
and displayed, even as a boy, unusual ability especially in 
mathematics and drawing. After passing through the Gym- 
7iasium of his native town, he entered the University of Giessen 
as a student of architecture, and his architectural studies gave 



Friedrich August Kekule, 


a permanent bent to his mind. At that time, Liebig was Pro- 
fessor of Chemistry at Giessen, and Kekule attended his lectures ; 
and so strongly was he attracted by the subject that he abandoned 
the architecture of masonry for the architecture of molecules, 
for it was on the development of the theories of molecular struc- 
ture that he was destined to leave the chief impress of his genius. 
Kekule studied for a year in Paris under Dumas, and for some 
years thereafter held private research posts in Switzerland and 
in London. In 1856, Kekule became a Privatdozent at Heidel- 
berg ; in 1858, Professor of Chemistry at Ghent ; and in 1867, 
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Professor of Cliemistiy at Bonn. Accepting the dictum of his 
master, Liebig, that no one who does not ruin his Jiealth with 
study will ever do anything in chemistry nowadays,’" Kekule, 
during many years, allowed Ihmself no more than three or four 
hours sleep nightly. And Nature took her revenge in a pre- 
matui^e decay of his physical powers. One of the most celebrated 
of the German chemists of the nineteenth century, Kekule 
received many conspicuous honours from Universities and 
learned Societies. He tras ennobled bv the German Emperor, 
and adopted the name of Kekule von Stradonitz (dropping the 
accent on the final e of his name). He died in 1896. 

Archibald Scott Couper was born at Kirkintilloch, near 
Glasgow, in 1831, After studying classics and philosophy at 
the Universities of Glasgow and Edinburgh, he studied chemistry 
first at Berlin and then at Paris. In 1858, he became an assistant 
in the Chemistry Department of the University of Edinburgh, 
but his scientific career was early terminated by a breakdown of 
health. Pie died in 1892. 

Couper’s theory of molecular structure, essentially the same 
as that of Kekule, was published in France and remained for 
long unnoticed. The theory, therefore, became associated with 
the name of Kekule only, but one must not now deny to the 
young Scottish chemist his share in the honour attaching 
thereto. 

As the two main postulates of their theory of structure, 
Kekule and Couper adopted the quadrivalency of carbon and the 
capacity of carbon atoms for mutual linking ; and on the founda- 
tion of these two postulates they were able to show how the mole- 
cular constitution or the mutual linking together of the atoms 
of an organic compound, could be represented diagrammatically 
and the relations between different compounds made readily 
intelligible. 

Although there is, of coui*se, no material link or bond between 
the atoms, one can nevertheless represent union between atoms 
as if it were material, by means of a line, or lines, according to 
the valency of the atom. Thus, we have already seen, the 
compound, marsh-gas, can be represented bv the diagrammatic 

H 

or graphic J^ormula H — C — H, and the higher hydrocarbons of 


H 



418 


THJK SPIRIT OF CHEMISTRY 


that series by such a chain of carbon and hydrogen atoius as 

H H H 

III- 

H— C— C— C— H ; 

I I I 

H H H 


a formula which can also be written in the simpler, more con 
densed form, CH3 — CHo — CH3, called a structural or constitu- 
tional formula. By the extension of this idea, it became possible 
not only to represent the molecular constitution of known com- 
pounds, but also to foresee the possible existence of isomeric 
compounds. Thus, for example, in the case of the compound 
CH3.CH0.CH3 (the bond between the carbon atoms being now 
I'epresented by a dot), it is clear that one can replace an atom of 
hydrogen in this compound by an atom, say, of chlorine, in two 
ways, so as to form either the compound CH3.CH2.CH2CI, or 
the compound CH3.CHCl.CH3, the chlorine being, in the 
former case, attached to a terminal carbon atom, and in the 
latter case, to the intermediate carbon atom. Accordingly, 
there should exist two and only two different compounds having 
the composition C3H7CI ; and as a matter of fact two compounds 
and only two are known. 

In the same way, the isomerism between silver fulminate and 
silver cyanate, the first case of isomerism to be discovered, can 
be represented by the formulae Ag.O.N : C (silver fulminate) 
and Ag.O.C-N (silver cyanate); and the relation between 
ammonium cyanate and urea is represented by the formulae 


H N 

NH^.O.CfN (ammonium cyanate) and : O (urea). The 

origin of this theory of chemical structure has been recounted by 
Kekule himself. During a period of residence in London he was 
returning from a visit paid at IsKngton to where he stayed at 
Clapham. One fine summer evening,^^ he relates,! ^ I was 
returning by the last omnibus outside ^ as usual, through the 
deserted streets of the metropolis, which ^re at other times so full 
of life. I fell into a reverie, and lo I the atoms were gambolling 
before my eyes ! Whenever, hitherto, these diminutive beings 
had appeared to me, they had always been in motion ; but up to 
that time, I had never been able to discern the nature of their 
motion. Now, however, I saw how, frequently, two smaller 
atoms united to form a pair ; how a laiger one embraced two 


^ E. R. Japp, “Kekule Memorial Lecture” [Transactions of the Chemical 
Society, 1898). 
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smaller^ ones ; liow still larger ones kept bold of three or even 
four of the smaller ; whilst the whole kept whirling in a. giddy 
dance. I saw how the larger ones formed a ^hain. . . And 
then he adds : I spent part of the night putting on paper at 

least sketches of these dream-forms.’’ From these sketches 
were developed the constitutional or structural formula, of which 
examples have j ust been given. 

Although the molecules of a very large group of compounds^ 
the aliphatic i compounds — so called because the natural fats 
belong to this class — can be represented as built up of chains of 
carbon atoms, many other compounds, belonging to the so-called 
aromatic or benzene series, cannot be so formulated ; and one 
has to assume that in the case of these, the carbon atoms are 
joined together in the form of a ring. This conception of a ring 
structure for the benzene molecule is also due to Kekule, and was 
put forward by him in 1865, also as the result of a dream.” 
He was then Professor of Chemistry at Ghent, and was engaged 
one evening in writing his text-book, but his thoughts were else- 
where. I turned my chair to the fire and dozed,” he relates. 

Again the atoms were gambolling before my eyes. This time 
the smaller groups kept modestly in the background. My 
mental eye, rendered more acute by repeated visions of the kind, 
could now distinguish larger structures, of manifold conforma- 
tion ; long rows, sometimes more closely fitted together ; all 
twining and twisting in snake-like motion. But look ! What 
was that ? One of the snakes had seized hold of its own tail, 
and the form whirled mockingly before my eyes. As if by a 
flash of lightning I awoke ” ; but the picture Kekule had seen 
of the snake which had seized its own tail gave him the clue 
to one of the most puzzling molecular structures, the structure 
of the benzene molecule, a ring of six carbon atoms to each of 
which a hydrogen atom is attached. Thus we obtain the 
structural formula of the benzene molecule, 

H 

H.C-^ ^C.H 

I, II 

H.C, /C.H 

V:/ 

H 

the “ ring ’’’ of carbon atoms being written in the form of a 

^ From, tbe Greek SXev^ap (aieiphar), fat. 



490 


THE SPIRIT OF CHEMISTRY 


hexagon instead of in the foiTii of a circle. “ Let us learn to 
dream^*’^ said Kekule, then perhaps we shall find the truth."’ 
And he wisely ad^ed : But let us beware of publishing our 
dreams befox'e they have been put to the proof by the waking 
understanding.” The confirmation by X-ray analysis of the 
hexagonal arrangement of carbon atoms in benzene is an impres- 
sive testimony to the wonderful insight of Kekule and of his 
power of interpreting the behaviour of organic compounds. 

Although, as will be pointed out later, the simple theory of 
Kekule has been found to be inadequate, the conception of 
molecular structure and the method of structural representation 
introduced by Kekule form the basis on which organic chemistry 
has developed ; and they have not only enabled chemists to 
correlate the behaviour of a vast number of compounds but have 
also guided them to the discovery and preparation of new 
substances. For the advance and development of organic 
chemistry these theories of molecular structure have been of no 
less importance than are compass and chart to a maidner ; and 
•without them organic chemistry would have remained such as it 
was described by Wohler, a tropical forest primeval, full of the 
strangest grovi:hs, an endless and pathless thicket, in which a 
man may well dread to wander.""' 

Homologous Series. — The mastery of organic chemistry would 
be an almost impossible task if it were not for the fact that the 
quarter of a million compounds of carbon already known can be 
grouped into a relatively small number of ‘‘‘‘ homologous ^ series,"" 
the members of wKich are similarly constituted and have similar 
chemical properties. The molecular composition of successive 
members of a homologous series, w^e have already learned 
(p- 903 ), differs by CH25 and, on the basis of the theory of Kekule, 
the structural formula of each member can be derived by replacing 
one hydrogen atom in the formula of the preceding compound by 
the group CH3. Thus, in the homologous series of saturated 
hydrocarbons (p.' 909 ), by replacing one of the hydrogen atoms of 
ethane (CH3.CH3) by the group CH3, one obtains CH3.CH2.CH3, 
which is the formula of the hydrocarbon propane. If one now 
replaces one of the hydrogen atoms of propane by CH3, it will 
be clear that one can obtain either CH3.CH2.CH2.CH3 or 
CFI3.CH.CH3, according as the hydrogen atom which is replaced 

CH3 

was attached to one of the terminal carbon atoms or to the middle 
carbon atom. Two isomeric butanes (C4HJQ), therefore, can exist ; 

From the Greek o/zo? (homos), the same, and Aoyos (logos), proportion. 
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and it 'vvill be obvious that as one proceeds in a similar manner to 
the higher members of the series, the possible number of isomers^ 
or isomer ides rapidly increases. 

Besides the homologous series of saturated hydrocarbons, one 
may recall the corresponding series of unsaturated hydrocarbons 
of which the first member is ethylene, CH2=CH25 and acetylene, 
CH=CH, respectively. 

Since it is the purpose of this discussion merely to indicate 
and briefly to illustrate the more important general principles 
underlying the development of modern organic chemistry, it will 
be possible, in the following chapters, to allude to only a few 
of the more important homologous series of compounds, and to 
describe somewhat more fully one or two of the more important 
members of these series. 



CHAPTER XXVn 

THE ALIPHATIC COMPOUNDS 

The aliphatic compounds constitute one of the large groups into 
which the carbon compounds are classified, and their molecules 
may be regarded as built up of chains of carbon atoms, to 
which hydrogen or other atoms or groups of atoms are attached. 
The various homologous series of compounds belonging to this 
group, may be regarded as derived from the saturated hydro- 
carbons of the methane series (p. 420), or from the unsaturated 
hydrocarbons of the ethylene or acetylene series. For purposes 
of illustration, we shall consider only the saturated compounds. 

I. Halogen Derivatives 

When the saturated hydrocarbons of the methane scries are 
acted on by chlorine in presence of sunlight, one or more atoms 
of hydrogen are replaced or substituted by chlorine. Thus, from 
methane, CH 4 , there is first formed the compound CH 3 Ch 
known as methyl chloride . From ethane, similarly, there is 
formed ethyl chloride., C 2 H 5 .CI. From the homologous series of 
hydrocarbons, therefore, another homologous series of chlorides 
can be obtained. 

On more prolonged action of chloidne, other atoms of hydrogen 
can be replaced, and so one obtains CFI 2 CI 2 , CFICI 3 and CCI 4 , 

The compound CHCI 3 is well-known under the name of 
chloroform. It was first prepared by Liebig in 1831, and its 
narcotic action was discovered in 1847 by the Edinburgh 
physician, Sir James Young Simpson (1811-1870). Its general 
application as an anmsthetic in surgery followed soon after. 
This compound, which is a colourless, volatile liquid with a 
characteristic odour, is now generally prepared by the action pf 
bleaching powder on alcohol (spirits of wine) or on acetone. 

^ Tlie group of atoniM, left on remova) of one atom of hydrogen from, 

methane, is hnow^ii as methyl, because it is present in the molecule of methyl 
alcohol (see later). Similarly, O^Hs* is known as ethyl. Those, and similar groiijis 
of atoms, pass into and out of compounds as a single unit, jtist like an element, and 
are generally called radicals. 
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'rii(' analogous coiiipoimd, iodoform, CHI 3 , is au antiseptic 
and is used us a, dressing iii surgery. 


II. Alcohols 

VVhoTi methyl chloride is acted on by silver hydroxide, 
AgOn, tiic chlorine atom is replaced by the hydroxyhgroup 
(Oil)., and the compoimd methyl alcohol. CH 3 .OH, is formed. 
This is th(i loxvest member of <another homologous series of 
comi:K)unds, known as alcohols, the term alcohol being generic 
and 'a,))pliod to organic compounds in which a hydroxyl-group, 
nttaciicd to a, carbon atom, is present in the molecule. 

The word alcoliol which, when used without qualification, 
is applied to ethyl alcohol, C 2 H 5 .OH, or spirits of wine,"** is 
derived from the Arabic al-kohl, the name given to the fine black 
powder of galena (lead sulphide) or of antimony sulphide, used 
from a very early pexdod by Egyptian and other Eastern women 
to (iarken tJie eyebrows and eyelashes. At a later time, the 
word came to signify a very tine, subtle or impalpable powder, 
and h(mc(i, as Paracelsus defined it, the most subtle part of 
anything.*’’’ It was with this significance, indeed, that Paracelsus 
introduced the term alcool vini *’’’ to denote the volatile spirit ’’ 
of wine obtained by distillation. Although applied at first to 
th(^ alcohol obtained from wine, or ethyl alcohol as it is called, 
th(^ term is xxow tiscd generally for the whole class of compounds 
of wliich (ithyl alcohol is the most important member. 

Methyl Aleohol,!^ Methanol or Wood Spirit, — In his book, 
'Jl%e ^Sceptical Chymist^ Boyle describes how, by the distillation 
of divers woods, he obtained a liquid which had besides a 
strong taste, to be met with in the empyreumatical spirits of 
many other bodies, an acidity almost like that of vinegar, *’’ and 
how lui found that from this sowrish liquor there could be 
obtained another liquid which was, in an impure state, what is 
now known as methyl alcohol or wood spirit,"" a substance 
which, until 19S6, was produced commercially by the method 
(mi ployed by Boyle in 1661 — -that is, by the distillation of wood. 

Since 1926, however, there has been developed, as has already 
been pointed out (p. 332), another process whereby methyl 
alcohol is now manufactured in large amount from a mixture 
of carbon monoxide and hydrogen (water gas), with the help 

^ Tlxc t(^rm methyl is derived from the Greek iiiBv (methy), wine, and vX^t] 
(hyl5), wood.. The name “methanol,^' which is m interriational use, indicates 
the reJationshijj of methyl alcohol with methane, the termination, -ol, indicating 
an alcohol. 

^ Part in. fUvervman’s library TSdition, p. 109. 
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of a suitable catalyst. The wood distillation industry, an 
industry of great economic iniport<ance in various countries of 
the world, has thereby been dealt a serious and perhaps a mortal 
blow. This is, however, only one case out of very many where 
the economic life of a country has been more or less profoundly 
influenced by advances in chemical science. 

Methyl alcohol is a colourless, volatile liquid which is more 
toxic than ordinary alcohol or spirits of wine. It is largely used 
in the manufacture of dyes, drugs, photographic chemicals, 
etc., and the crude wood spirit or woodnapMha is largely employed 
for denaturing ethyl alcohol. i 

Ethyl Alcohol. — Although various beverages containing 
ethyl alcohol were prepared at a very early time, it was not till 
the tenth or eleventh century that alcohol itself was obtained 
by the distillation of wine. At the present time, alcohol is 
produced commercially by the fermentation of various sugars, a 
process which, as has been pointed out (p. 328), is due to the 
catalytic activity of enzymes. 

Production of Ethyl Alcohol. — Alcohol is produced by the 
action of a particular enzyme, zymase^ on certain sugars, the most 
important of which is the sugar glucose which, along with the 
isomeric sugai*, fructose, is found in sweet fruits and in honey. 
Zymase is secreted by the micro-organisms known as yeasts 
(Saccharomycetes)^ and when yeast is introduced into a solution 
of glucose, decomposition of the latter with production of 
alcohol and of carbon dioxide, is brought about through the 
agency of the zymase. Not all sugars, however, can be fer- 
mented by this enzyme. Thus, cane or beet-root sugar (known 
chemically as sucrose), and malt-sugar or maltose, are not 
fermentable with zymase. If, however, yeast is introduced into 
solutions of these sugars, fermentation does take place, owing 
to the fact that yeast secretes not only the enzyme zymase, but 
also the enzymes mvertase and maltase. The former of these 
converts sucrose into the two simpler isomeric sugars, glucose 
and fructose, by a process of hydrolysis or decomposition through 
the interaction of water : 

C12H22O11 + H2O = CgHiaOe + 

Sucrose. Glucose. Fructose 

and maltase, similarly, converts maltose, C 12 H 22 OH, into glucose. 
The production of alcohol from sugars by means of yeast is, 
therefore, to be referred, in the last instance, to a fermentation 
of glucose (sometimes also of fructose) by zymase. 

Fermentable sugars can be obtained not only from sucrose 
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(which is largely employed in France and in America in the form 
of beet-root molasses or cane-sugar molasses from Cuba)^ but also 
from starch, which constitutes, as a matter of fact, by far the 
most important raw material for the* manufacture of alcohol. 
The starch is of varied origin. In Great Britain, it is derived 
mainly from maize, rice, wheat and barley, and in the United 
States, also, maize is largely used. In the future, cellulose, from 
wood-waste, may perhaps play a role of importance (p. 439). 
Ixi Germany, most of the starch is derived from potatoes. 

For the conversion of the starch into fermentable sugar, use 
is chiefly made of the enzyme diastase^ contained in malt ; ^ 
or, the starch is convei'ted into glucose by heating with dilute 
sulphuric acid. 

In the former case, the malt, which contains a considerable 
amount of starch and a small amount of sugar, together with the 
enzyme diastase, is crushed and mixed with hot water, and a 
quantity of raw grain or potato starch is added. By the action 
of the diastase, the starch is converted into maltose or malt- 
sugar. When this process of mashing is complete, the liquid 
is boiled to destroy the diastase, and the sweet liquor or wort 
is run into the fermenting vats and yeast is added. By the 
action of the enzyme maltase, which is contained in the yeast, 
the maltose is converted into glucose ; and this, in turn, is con- 
verted by the yeast-enzyme zymase, mainly into alcohol and 
carbon dioxide, although small quantities of other substances — 
higher alcohols, succinic acid, etc. — are also produced. 

Alcohol may also be produced by the action of yeast on 
commercial glucose, obtained by heating starch {e.g, potato 
starch) with dilute sulphuric acid, or on cane-sugar and beet- 
root sugar molasses (sucrose). In the latter case, conversion 
of the sucrose to the fermentable sugars, glucose and fructose, 
is eftected by the yeast-enzyme, invertase. 

The fermentation of the sugar solutions does not proceed 
indefinitely, and when the liquid contains from 10 to 15 per cent, 
of ethyl alcohol, the fermentation stops. The liquid, or wash,^' 
as it is now called, contains not only ethyl alcohol, but also 
furfural and fusel oil — a mixture of higher-boiling alcohols, such 
as butyl alcohol, C4H9.OH, and amyl alcohol, C5H1X.OH. From 
these different substances the ethyl alcohol is separated by 
distillation in special stills, by means of which admixture of alcohol 

1 Many moulds, e.^. Bhizopus Delemar and Mucor Boulard, produce tte enzyme 
diastase and are largely used in Erance and also to some extent in America, Spain 
and Italy, for converting starch into fermentable sugar. In this process, spores 
of the nJ^ould and yeast are added to the starch solution, and the processes of 
saccharification and of fermentation to alcohol go on side by side. 



426 


THK SPIRIT OF CHEMISTRY 


and water, containing about 96 or 98 per cent, of alcohol by 
volume, is directly obtained. Alcohol so obtained is spoken 
of as silent spirit,’’ or patent still spirit.” By allowing 
this alcohol to stand over quicklime for some time and then 
distilling, absolute alcohol,” or pure ethyl alcohol, is obtained. 

For industrial and other purposes, alcohol finds abundant 
and varied use. Not only is it employed as a heating agent, in 
spirit lamps, but it is also used, to some extent, as an illuminant 
(with incandescent mantles), and as a motor fuel. Its I'elatively 
high cost, however, militates against any inmiediate and extensive 
development in this direction. Alcohol is also used very 
extensively as a solvent in the preparation of varnishes, lacquers 
and enamels ; in the manufacture of ether, chloroform, acetic 
acid, celluloid, collodion, dyes, cordite and similar explosives, 
and many other substances. Ordinary methylated spirit^ so 
largely used as a solvent and for other purposes, consists of ethyl 
alcohol denatured ” by the addition of wood-naphtha and 
mineral naphtha, ^ the presence of which is intended to render 
the liquid undrinkable. 

From the fusel oils which are formed as by-products in the 
manufacture of ethyl alcohol, one can obtain propyl alcohol 
(C 3 H 7 .OH), butyl and w-butyl alcohol (C 4 H 9 .OH), and amyl 
and i^o-amyl alcohol (C 5 H 11 .OH). These alcohols find their 
use not only in the scientific laboratory, but also in industry, 
for the purpose of preparing artificial fruit-essences, and as 
solvents. 

Alcoholic Beverages. — Although ethyl alcohol is the most 
important constituent of alcoholic beverages, the taste, aroma 
and special character of each depend on the presence of small 
quantities of other substances, which differ both in amount and 
in kind according to the materials from which the beverage is 
prepared, and the method of its preparation. These beverages 
may be classed into distilled liquors (spirits), wines and beers. 

In the case of whishy^ the process of fermentation is carried 
out essentially as already described ; malted barley, mainly, is 
employed, and the wash is distilled from a simple pot-still. 

For the production of gin^ the distilled spirit is flavoured by 
redistilling with juniper berries,* coriander, /ennel or other 
substances. Brandy is obtained by distilling wine, and owes its 
particular flavour to the various esters (see later) contained in 
the wine from which it is prepared ; and rom, prepared from 
fermented molasses, owes its flavour chiefly to the esters, ethyl 

^ In the United States, methyl alcohol and benzene are used, and in Germany, 
methyl alcohol and pyridine bases, derived from coal tar. 
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acetate and etliyl butyrate. Sometimes it is also flavoui*ed by 
placing the Jeaves of the sugar-cane in the still. 

These distilled liquors all contain a high percentage, 40 to 
50 per cent., or more, of alcohol. 

Wmes are prepared by the fermentation of fruit juices — 
chiefly the juice of the grape — ^in which the two sugars, glucose 
and fructose, are present. The juice also contains various acids, 
especially tartaidc acid ; and the skins of the grapes contain 
tannin, various essential oils, and, it may be, colouring matter. 
These all pass into the juice when the grapes are pressed, and 
according to their nature and relative amounts, give wines of 
diflerent flavours and qualities. 

The juice extracted from the grape is called must,”*’ and 
through its fermentation by a species of saccharomyces which grows 
on the grape itself, alcohol is produced. After the first “ active fer- 
mentation is ovei‘, the new wine is drawn into casks which 
are filled full and loosely closed. In the casks, a still fermen- 
tation proceeds for several months, during which time the yeast 
settles down, and the tartaric acid, along with various salts and 
colouring matters, separates out as argol. This consists chiefly 
of potassium bitai^trate or potassium hydrogen tartrate, 
KH.C 4 H 40 y, and is the main source of this salt, which is known 
fajuiliarly as cream of tartar. 

After the wine has become clear, it is drawn off into casks, 
and allowed to ripen for perhaps two or three years. During 
this process, the tannin and some other impurities are precipi- 
t<ated, and at the same time the alcohol and fusel oil combine 
with the small quantities of acids present to form esters, which 
give the peculiar and characteristic flavour and bouquet to 
the wine. 

For the production of heers^ malted grain is employed, but in 
the mashing process the complete conversion of the starch into 
maltose is not allowed to take place, a portion being converted 
only into the intermediate product of hydrolysis, dewtrin,^ 
This dextrin is retained in order to give body to the beer. 
Further, the nitrogenous compounds, the albuminoids and pro- 
teins, in the grain, are converted by the malt-enzyme, peptase, 
into peptones and other substances, which also add body to 
and increase the nutritive properties of the beer.. All these 
various substances are classed together under the name extract.’*" 
When mashing is complete, the wort is drawn off and boiled 

1 Dextrin is also produced industrially by beating starob with dilute sulphuric 
acid. It is used as an adhesive on stamps, envelopes, etc. It constitutes the 
so-called “ British gum.'’ 
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with hops, and, after settling, the clear liquid is fermented with 
yeast. 

III. Aldehydes and Ketones 

When one writes the formulae of methyl alcohol and ethyl 
alcohol in the form li.CH2.OH and CH3.CH2.OH, it is seen that 
in each case there is present the group — CH2.OH. On sub- 
jecting such alcohols to the action of not too powerful oxidising 
agents, two atoms of hydrogen are removed, the group — CH2.OH 

being oxidised to — CHO or — ^\H‘ compounds so 

obtained are known as aldehydes^ and the group — CHO is known 
as the aldehydic group. From the homologous series of alcohols, 
therefore, one can form a homologous series of aldehydes. 
Owing to the readiness with which they undergo oxidation, the 
aldehydes act as reducing agents. 

When one considers the alcohols higher in the series than 
ethyl alcohol, one finds that besides the alcohol with the group 
.CH2.OH, there is also an isomeiic alcohol with the group 
:CH.OH. Thus, there are two isomeric propyl alcohols, repi-e- 
sented by the formulae CH3.CH2.CH2OH (so-called normal propyl 

alcohol), and (so-called i.yo-propyl alcohol). If 

CII3/ 

now, one oxidises i^o-propyl alcohol, the group, ATI. OH, is 
converted, by the removal of two hydrogen atoms, to the group 
:CO, and the compound so formed is known as a. hetone, A 
similar behaviour is shown by all other alcohols in the molecule 
of which the atoms are linked so as to form the group iCH.OH. 

Formaldehyde, H.CHO, is the lowest member of the series of 
aldehydes, and is obtained from methyl alcohol by oxidation 
with atmospheric oxygen, the oxidation being catalytically 
accelerated by means of copper. 

Formaldehyde is a gas under ordinary conditions, and so is 
placed on the market in the form of an aqueous solution known as 
formalm. It is used for disinfecting purposes, for preserving 
anatomical specimens, for the manufacture of dyes and of a plastic 
material known as hakelite. It converts the casein of milk into a 
hard bone or horn-like material, called by various trade names, 
such as galalith^ erinoid^ etc. This material, although hard and 
tough when cold, can be readily moulded when warm, and is used 
in the manufacture of a great variety of small articles^ — buttons, 
beads, combs, electrical fittings, etc. 

Acetaldehyde can be obtained by the oxidation of ethyl 
^ Formed by cotitraction from al(cohol) deliyd(rogenatus). 
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alcohol, and is also produced commercially by tlie hydration of 
acetylene. In this process, acetylene is passed into a warm 
dilute solution of sulphuric acid in presence of mercuric sulphate, 
which acts catalytically. The acetylene combines with water to 
form acetaldehyde : 

CH=CH -f H^O = CH3.CHO 

Acetylene. Acetaldehyde. 

Acetone, CH3.CO.CH3, may be taken as a representative of 
the ketones. It is present in the aqueous distillate from wood 
{pyroligneous acid)^ from which mainly it is obtained. It may 
also be produced by the fermentation of starch (from maize, 
horse chestnuts, rice, etc.), by means of a special bacterial 
culture discovered by Auguste Fernbach, of the Pasteur Institute, 
Paris. 

It is a colouiiess volatile liquid, which is very widely used as a 
solvent in the prepai'ation of cordite, collodion, varnishes, etc. 
The ketones differ from the aldehydes in not being reducing 
agents. 

IV. Acids 

By the action of oxidising agents on aldehydes, the group 
— CHO is converted into the group — COOH, known as the 
carhoxyl group ; and the compounds so formed are found to 
yield solutions which have an acid reaction. The hydrogen 
atom of the carboxyl group can be replaced by a metal, with 
formation of a salt. Thus, when formaldehyde, H.CHO, is 
oxidised, one obtains formic acid, H.COOH, a substance known 
since the seventeenth century as being secreted by ants.^ It is 
also contained in the stinging hairs of the common nettle. It is 
a colourless, corrosive liquid, which produces blisters when 
brought in contact with the skin. 

Forniic acid is the lowest member of a homologous series of 
acids which are known as the fatty acids^ because of the fact 
that some of the higher members of the series, e.g, palmitic acid, 
Ci5IT3i.COOH, and stearic acid, CX7H35.COOH, are found com- 
bined in the important naturally occurring compounds, the/azf^. 

Apart from these higher acids, the most important member of 
the series is acetic acid.2 

Acetic Acid, CH3.COOH, was the only acid known to the 
ancients, and to them it was known onlyin the form of a dilute 
solution. It was not till 1723 that the nearly pure acid was 

^ The name, formic acid, is derived from the Latin /ormica, an ant. 

2 From the Latin acetum^ vinegar. 
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obtained by Staht^ and not till 1802 that tlie identity of the acid 
from ^dnegar with that from pyroligneous acid was established. 

It is from p}"roligneous acid, the aqueous product of the 
distillation of wood, that acetic acid is mainly obtained, the 
calcium acetate which is formed by the addition of milk of lime 
to pyroligneous acid being distilled with sulphuric acid. Acetic 
acid distils over and, when purified, forms a colourless, pungent- 
smelling liquid which crystallises at 17° C. in ice-like crystals. 
For this reason, the pure acid is spoken of as glacial acetic acid. 

More recently, another process for the commercial production 
of acetic acid has begun to come into prominence. It has been 
pointed out that when acetylene is passed into a dilute solution 
of sulphuric acid in presence of mercuric sulphate, acetaldehyde 
is formed ; and if air or oxygen is passed into liquid acetaldehyde 
in the presence of solid manganese acetate, oxidation of the 
aldehyde to acetic acid readily takes place. 

Many weak alcoholic beverages, such as light wines, become 
sour when exposed for some time to the air. This souring is 
due to the conversion (by oxidation) of the alcohol to acetic acid 
by the oxygen of the air, a change which takes place with special 
readiness under the influence of certain .moulds and bacteria 
{e.g. My coderma aceti and Bacterium aceti)^ The process is 
carried out on a large scale for the production of vinegar. 


V. Ethers and Esters 

The alcohols, which contain the hydroxyl group (OH), 
behave, in certain cases, analogously to the metal hydroxides. 
Thus, if water is removed from a. metal hydroxide, the oxide of 
the metal is obtained. Copper hydroxide, for example, on being 
heated, loses water and passes into copper oxide : 

Cu(OH )2 CuO -f FlgO 

So also one finds that when the elements of water are removed 
from an alcohol, an oxide is produced — the oxide so obtained 
being known as an ether. In this case, the elements of water can 
be removed by sulphuric acid, and so when ethyl alcohol is heated 
with concentrated sulphuric acid and then further amounts of 
alcohol slowly added to the mixture (Fig. 80), diethyl ether ^ 
distils over continuously : 

SC^H^.OH = C2H5.O.C2H5 + H^O 

Diethyl Ether, or ordinai-y ether, is a colourless, very volatile 

^ The radical O2H5 was called eiJiyl because it occurs in ordinary ether. 
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liquid^ tlu' vnpour of which is readily iriflaniiuable. It is used 
as a local aiia\sthetic5 because, when sprayed on the skin, it 
evaporates rapidly and produces an intense local cooling ; and 
it is also used as a general anaesthetic because complete anaesthesia 
is produced by inhalation of its vapour. Ether finds widespread 
use, also, as a solvent. 

When methylated spirit is used in the preparation of ether, 
methylated ether ^ in which diethyl ether is mixed with small 
quantities of methyl ether, is obtained. 

In another direction, also, the behaviour of alcohols is 
analogous to that of metal hydroxides. Thus, when potassium 
hydroxide is added to an acid, neutralisation takes place and a 



IB run in from the lunnel B. Ether distils over and is collected in the flask C, 
winch 1b cooled in iced water. T is a thermometer. 

salt and water are formed. So, also, when an alcohol reacts 
Witli an acid, whether an inorganic or an organic acid, water is 
eliminated and a compound, known as an ester ^ is produced. 
Thus : 

CH 3 .C 00 iH + HO.CgHg ^ CH3.COO.C2H5 + H.O 

Acetic acid. Alcohol. Ethyl acetate. Water. 

(The dotted frame in the equation indicates the points from 
which the elements of water are removed. The residues, 
CH3.COO. and C2H5. then unite to form the ester.) 

The reaction between an alcohol and an acid, unlike that 
between an alkali and an acid, takes place only slowly and 
incompletely, and the product of the reaction, the ester, is a 
non-clectrolyte. 
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The process of esterification^ as it is called, is a very typicaJ 
case of a reversible or balanced reaction (p. 320), leading to an 
equilibrium. In order to make the reaction as complete as 
possible, the water which is formed must be removed ; the 
alcohol and acid are therefore heated together in presence of a 
small quantity, say, of concentrated sulphuric acid. 

If, in the above reaction, the concentration of the water be 
increased, the reaction will, in accordance with the law of mass 
action (p. 318), be caused to take place from right to left ; that 
is, ester and water will react to regenerate acid and alcohol. 
This is a process of hydrolysis^ and is catalytically accelerated by 
acids and, in ^ still greater measure, by alkalis. Wlien the 
hydrolysis of an ester is carried out in presence of alkalis, the 
acid combines with the alkali, and a salt is formed. Since, as 
we shall see presently, this is essentially the process which takes 
place in the production of soap, hydrolysis of an ester in presence 
of an alkali, is spoken of as saponification,^ 

The esters are a very important class of compounds in organic 
chemistry. Many of them occur naturally in the sweet-smelling 
ethereal oils of plants, such as oil of wintergreen (the methyl ester 
of salicylic acid) ; and a number of the simpler esters of the fatty 
acids are manufactured, on account of their chai'act eristic odours 
or flavours, for use as artificial fruit essences and flavomangs. 
Thus, ethyl butyrate (C 3 H 7 .COO.C 2 H 5 ) is an artificial essence 
of pine-apple , amyl acetate (CH 3 ,COO.C 5 H;ili) forms the main 
constituent of artificial essence of pears. It is to the presence 
of esters, as we have seen, that the characteristic flnwour and 
bouquet of wines are due. 

The natural animal and vegetable fats and oils, which arc 
among the most important naturally occurring organic sub- 
stances, are also esters, derived, however, not from an alcohol 
of the methyl alcohol series, but from glycerol (or glycerine), 
C3H5.(0H)3. 

Natural Fats and Oils. — Although animal and vegetable 
fats and oils have been known from earliest times, it was not till 
early in the nineteenth century that the chemical nature and 
composition of these substances were elucidated by the French 
chemist, Michel Eugene Chevreul, who was born at Angers in 
1786. After acting for some years as assistant at the Natural 
History Museum in the Jardin des Plantes^ at Paris, he was 
appointed, in 1813, teacher of chemistry at the Lycee Charle- 
magne, and later became Director of the Gobelins tapestry works. 
Here he carried out researches in colour contrasts. In 1830, 
1 From the LaUn sa^o, soap, and facere, to make. 
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lie became Professor of Organic Chemistry at the Natural 
History Ivluseum, the Directorship of which he assumed in 1863. 
His scientific work covered a wide I’ange, and his best-known 
work is his researches on animal fats. His hundredth birthday 
was celebrated with public rejoicings ; and he was accorded a 
public funeral when^ after a life which is unique in the annals 
of chemistry for its length and distinction, he died in Paris in 
1889. 

By his researches, carried out between 1811 and 1823, 
Chevreul showed that the fats and oils could, by appropriate 



Michei. Etjokite Ohevreuu in his 100th year. 


reagents, be hydrolysed to glycerine and various acids. In 
other words, fats and oils are glyceryl esters of various acids. 
The alcohol, glycerol, to give it its systematic name, contains 
not one hydroxyl group, like methyl or ethyl alcohol, but three 
liydroxyl groups, its composition and constitution being repre- 
sented by the formula : 

CH2.OH 

! 

CH.OH 

I 

CHo.OH 
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Consequently, glycerol can react witli three molecules of an 
acid to form an ester. Thus, Avith butyric acid, C^lI^rj.COOH, 
for example, one obtains the esber, glyceryl butyrate, 

C3H5.COO.CH. 

I 

C3H5.COO.CH 

I 

C3H5,C00.CH2 

which forms the main constituent of butter fat. The solid 
animal fats are mainly glyceryl esters of the saturated palmitic 
and stearic acids , 1 but the vegetable oils are mainly glyceryl 
esters of unsaturated acids, such as oleic acid, CJ 7 H 33 .COOH, 
an acid Avhich contains two atoms of hydrogen less than stearic 
acid. 

Fats and oils are among the most valuable of foodstuffs on 
account of the large amount of heat energy which they yield 
when they undergo slow oxidation in the body. Fats, indeed, 
yield twice as much heat energy as an equal A\^eight of sugar or 
protein, and being more slowly oxidised than sugar, fats are 
particularly valuable Avhen prolonged or sustained effort has to 
be made. 

Soap. — The use of natural fats and oils for fhe manufacture 
of soap is second only in importance to their use as a food. 
According to Pliny, soap is a Gallic invention, but it would 
appear rather to have been first made in Germ<any from goaf’s 
tallow and beechwood ashes, the potassium carbonate in the 
latter being first converted to caustic potash by means of slaked 
lime. The material thus obtained, resembling a, modern soft 
soap, was largely used as an ointment ; and it was only in the 
second century of our era that it began to be used for detergent 
purposes. Even as early as the year 1000 A.D., Marseilles, the 
centre of French soap manufacture, had a flourishing soap industry, 
and, in the fourteenth century, soapmaking was commenced in 
England. In spite of the industrial development of soapmaking, 
household production of soap from the fat and grease saved 
from cooking, was still carried on in country districts of America 
about the middle of last century ; and the method employed 
was probsCbly very similar to that used nearly two thousand years 
ago. It is thus described by one ^ who had witnessed the process : 

An old cask with one head was selected. Numerous auger 

^ Fats also contain mixed esters, or esters in which different acids are combined 
with glycerol. 

2 M. H. Ittner : Chemistry in Industry, Vol. 2, Chap. 21. 
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lioles were bored in tlie head and the cask was then filled with 
alternate layei*s of straw and mixed lime and wood ashes. The 
cask was placed on a i*aised, slanting, grooved board. From 
time to time, a pail of water was poured upon the contents of 
the cask, and eventually a brownish liquid began to emerge and 
was collected in a pail and transferred to an iron pot. A 
chemical action took place which converted potash^ the chief 
ingredient of the wood ashes, into caustic potash ; and the 
brownish liquid or lye was then boiled in an open iron pot over 
a lire, out of doors, with the fat or grease until the experienced 
eye of the soapmaker looked upon it as finished. The fire was 
then allowed to go out and the contents of the pot left to chill 
to a solid mass, after which it was cut into bars of odd shapes 
which were none too firm.'"*' So, also, in all probability, did the 
father of Benjamin Franklin make soap at Boston towards the 
end of the seventeenth century. 

A soap may be defined as a salt of the fatty acids. The 
sodium and potassium salts are soluble in water, and are used 
for detei'gent jmrposes ; but the salts of calcium, magnesium, 
aluminium, etc., ai^e insoluble. Aluminium soaps, which are 
used for rendering cloth waterproof, are formed by adding alum 
(j)otassium aluminium sulphate) to a soluble soap. Generally 
speaking, soda soaps are hard, and potash soaps soft. 

For the production of a hard or soda soap, fat is boiled with 
caustic soda lye in a soap pan or soap hettle^ the liquid being 
heated by means of steam. Thereby the fat, a glyceryl ester as 
we have seen, is hydrolysed or saponified, the process being 
represented by the equation : 

(Cx 7H35.COO)3.C3H5 + SNaOH 

Glyceryl stearate (fat) Caustic soda. 

= 3 CxYH 35 .COONa -f" 03X15(011)3 

Sodium stearate (soap). Glycerol. 

When saponifeation of the fat is complete, a concentrated 
solution of common salt is added which causes the soap or 
sodium salt of the fat acid to separate out as a curd, while the 
glycerol, set free by the saponification, remains dissolved in the 
lyc. The lye is run off from the soap curd and the latter boiled 
up %vith water to remove impurities, and again salted out.’’’’ 
It is then hardened by cooling, dried, cut into flakes, mixed with 
colouritig matter dr perfume, and formed into bars. The bars 
are then cut and moulded into tablets. 

The familiar transparent soaps are obtained by. dissolving 
pure soap in alcohol, and then evaporating off the alcohol. 
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In the manufacture of soft or potash soap, different animal 
or vegetable oils, e.g, linseed oil, cotton-seed oil, soya-bean oil, 
are saponified mth caustic potash. A thick paste is thus 
obtained which, owing to the presence of glycerine derived from 
the oil, does not dry up. 

The glycerol which is formed as a valuable by-product of 
soap manufacture is a thick, colourless, syrupy, hygroscopic 
liquid which mixes with water in all proportions, and has a sweet 
taste. Although it finds its main use in the manufacture of 
explosives, e.g, nitroglycerine,"’ which is the glyceryl ester of 
nitric acid, or C 3 H 5 .(N 03 ) 3 , glycerol is also used as an emollient 
and for adding to the radiator- water of motor cars to prevent 
freezing. 

Soap as a Detergent. — The cleansing power of soap depends 
on its physical as well as on its chemical properties ; and in this 
connection its most important property is that it lowers the 
surface tension of water (p. 116). By thus lowering the surface 
tension, soap enables the water to wet and so to come into close 
contact with even a greasy surface. There is, however, another 
property of soap solutions which plays, perhaps, the most im- 
portant part of all in the cleansing process. This is the property 
of emulsifying oils and fats. When an oil is vigox'ously shaken 
with water, it is found that a milky liquid is obtained owing to the 
oil being broken up into a large number of droplets. But this 
milky appearance is not permanent ; in the course of a few 
minutes the droplets of oil run together to form larger drops, 
'which then collect as a separate layer on the surface of the 
water. The milkiness thus disappears. If, however, the oil is 
shaken not with pure water but with water containing a little 
soap, the droplets into which the oil breaks up are much smaller 
(the emulsion appearing, iil consequence, much whiter than 
before), and they do not run together and form a separate layer 
on standing. The oil is permanently emulsified. And this is 
what happens when soap is used in cleansing a greasy surface 
to which dust and other dirt so readily adhere ; the film of 
grease is broken up owing to tlie emulsifying action of the soap 
solution, and the grease and dirt are then x'eadiJy washed away. 
The removal of dirt is also facilitated in a purely mechanical 
way by the lather or foam which the soap-water forms, the pro- 
duction of lather being another result of the lowering of the 
surface tension of water. 

Hydrogenation of Oils. — As a consequence of the great 
development of the margarine industry, the supply of solid 
animal fats available for the manufacture of soap was greatly 
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diminished, and it became, therefore, a matter of importance to 
discover a- method by means of which liquid oils could be converted 
into solid fats. Theoretically, the pi'ocess is a simple one. 
Oleic acid, CX 7 H 33 .COOH, for example, differs from stearic acid, 
C 17 H 35 .COOH, only in the fact that it contains less hydrogen. 
It is what has been called an unsaturated compound. By 
adding the proper amount of hydrogen, therefore, to oleic acid, 
one could convert it into the solid stearic acid ; or, on the other 
hand, by adding hydrogen to liquid glyceryl oleate, the oil could 
be converted into the solid fat, glyceryl stearate, and other oils 
could similarly be converted to fats. Although it was not 
difficult to carry out such a conversion in the laboratory, a 
commercially successful process could be developed only when, 
in 1899, it was found by the French chemists, Paul > Sabatier 
and Jean Baptiste Senderens, of the University of Toulouse, 
that finely divided nickel acts as an efficient catalyst. In the 
presence of this metal, the liquid oils — olive oil, linseed oil, fish 
oil, etc. — combine with gaseous hydrogen and are converted 
into solid fats ; and by this process of hydrogenation, large 
quantities of fats are now produced for use in soap manufacture 
and also for the preparation of edible fats. 

Not only does the process of hydrogenation of oils, which has 
already developed into an important industry, secure a fresh 
source of raw material for the manufacture of an article of such 
importance in our modern civilisation as is soap, but by stimm 
lating the cultivation of oil-producing plants it will exercise a 
jirofound influence on the economic development of those 
countries which are suitable for such cultivation. 

VI. Carbohydrates 

Reference has already been repeatedly made to sugars, starch 
and cellulose, and to the use of these substances in the fermen- 
tation and explosives industries. The compounds are important 
products of plant life, and when their composition is determined, 
it is found that they all belong to a group of compounds consisting 
of cai“bon, hydrogen and oxygen, and that the hydrogen and 
oxygen are present in the proportion of two atoms of the former 
to one atom of the latter. Since this is the proportion in which 
hydrogen and oxygen combine to form water, it was thought 
that the compounds belonging to this group are compounds of 
carbon with water, and the name carbohydrate was applied to 
them. The name is still retained, but the assumption on which 
it was based is no longer accepted. 
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Sugars.— Speaking generally, the sugars ai’e crystalliiK' sub- 
stances which are soluble in water and have a swa'ct taste. The 
most important sugars have a composition represented either by 
the formula C 0 H]^ 2 O 6 » formula Cjablss^ii- To the 

former group, known as the monosaccharides, belong the sugars 
glucose oxidL fructose, which are found in the juice of ripe fruits 
and in honey ; while to the latter group, known as the disac- 
charides, there belong : sucrose, which is present in the juice of 
the sugar cane and of the sugar beet ; lactose, which occurs in 
the milk of mammals ; and maltose, which is formed in nialt by 
the action of diastase on starch. Whereas all these compounds 
contain a number of alcoholic hydroxyl groups, and therefore 
behave chemically like alcohols, glucose contains also an alde- 
hydic group and fructose a ketonic group. These simpler sugars 
have reducing properties and cause silver to separate out from 
an ammoniacal solution of silver oxide (p. 398). 

Under the catalytic action of dilute acids or of enzymes, 
sugars of the formula, Ci 2 H 220 iij undergo hydrolysis in aqueous 
solution and yield sugars of the formula C6H]^206- Cane sugar, 
for example, yields a mixture of glucose and fructose, the mixture 
being known as mvert sugar. The process of hydrolysis is in 
this case spoken of as inversion. 

Starch. — Starch is one of the most important products of 

plant life, and the most abxind- 

# ant of foods. In the form of 

minute, colourless granules which, 
under the microscope, exhibit a 
zoned structure (Fig. 81), and 
/(' dift'er in appearance ac- 
cording to their source, starch 
is stored by plants in the seeds 
of cereals and in the tubers of 
plants like the potato. From 
these, the starch can bo obtained 
by crushing or rubbing in water 

Era. 81.-Staxolx grains under tte running the milky liquid 

microscope, through hue sieves. I he starch 

granules are allowed to settle 
and are then separated to a large extent from water by centri- 
fuging. 

Starch is insoluble in cold water, but when warmed with 


v\V>-- 


Pig. 81. — StaTcb. grains under tlie 
microscope. 


water the granules burst and form an opalescent, colloidal sol 
which, if sufficiently concentrated, sets to a jelly or paste on 
cooling. With even a small quantity of iodine, starch gives a 
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material of a deep-blue colour. On being boiled with dilute 
acids, starch undergoes hydrolysis and forms glucose. 

Sta,rch may be represented by the formula, but 

the value ol the molecular weight and therefore of is not known. 

Cellulose.- — One ol the most important, as it is the most 
abuiidauxt of plant products, cellulose forms the essential con- 
stituent of the woody iibre and skeletal framework which support 
the living and growixig cells of plants; and it has become the 
basis ol many ol the most important industries in our present-day 
civilisation. Many difterent plants, flax, cotton, etc., are 
cultivated specially for its production. 

W])cn cellulose is lieated under px’essure with dilute acid, 
hydrolysis takes place and the sugai', glucose, is forxned. By 
this mca-ns, wood waste may be used as a source of glucose for 
the [)roductioxi of alcohol. 

Paper.” — -The growth of civilisation is intimately bound up 
with the arts of writing and priixting, with the preserving of 
accui*ate records and the transmission of ideas. To the Egyptian 
papyrus there succeeded paper, which was first made by the 
Chinese, even before the beginning of the Christian era, from 
cotton axxd other vegetable fibres. Until about a century ago, 
j)aper contitiued to be made entirely from cotton and linen rags, 
but, during last century, the supply of these became inadequate, 
and recourse was had, therefore, to straw, grasses Esparto 
grass) and other less pure forms of cellulose. Of the different 
sources of cellulose used at the present day for the manufacture 
of pajxer, wood is by far the most important ; and the great 
tim ber-growing countries, Scandinavia and Canada, furnish 
itjost of the cellulose required for this purpose. 

Wood fibre consists mainly of a compound of cellulose with 
lignoixe, encrusted frequently with resinous matter, and in-order 
to isolate the cellulose, this compound must be decomposed. 
This is now mostly done by boiling the wood, in the form of 
shavings or chips, with a solution 'of calcium bisulphite, ^ the wood 
being boiled with the liquor under a pressure of several atmo- 
spheres. Not only is the wood fibre thereby chemically broken 
up, with production of cellulose, but the latter is also bleached to 
soiixe extent by the sulphite. The cellulose is now separated 
froxxi the sulphite liquor, washed and beaten with water so as to 
break down the fibres into small shreds, and in this form it 
constitutes wood pulp C‘ sulphite pulp 

For the manufacture of paper, the fine cellulose fibres obtaxnea 

1 This sabatanc©, Ca(HS 03 ) 2 , is formed by the action ot auipnurous acid 
isolution of sulphur dioxide in water) on limestone. 
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from the disintegrated cotton rags, grass or wood pulp, are 
bleached, washed and mixed with colouring matters if desired. 
They are then suspended in water and run over an endless band 
of wire gauze, through which the water drains away, and the 
fibres are caused to felt together by giving a vibratory motion 
to the band of gauze. The web of felted pulp is now carried 
between heated rollers whereby the paper is dried. 

The paper so obtained is loose in texture and of the nature 
of blotting paper ; and to make it suitable for writing it must 
be sized. For this purpose it is passed through solutions of 
alum and of rosin soap, whereby a compound of I'osin and 
aluminium is formed, which binds the fibres together and pre- 
vents the ink from running. The addition of the sizing materials 
may, if desired, be made to the pulp before making into paper. 
Very frequently, also, powdered gypsum, white clay or similar sub- 
stances are added to the paper pulp in order to load or give 
body to the paper, fill up its pores and allow of a more highly 
glazed surface being obtained by calendering, or rolling witli 
hot rollers. 

Rayon (Artificial Silk). — ^In the year 1889, there was ex- 
hibited in Paris a material which, in its general appearance, 
imitated in a remarkable manner the fibi'e spun from the glands 
of the silkworm. This material, however, invented by the 
French chemist, Count Hilaire de Ciiardonnet, was not silk, 
nor was it derived from any animal source whatever, but from 
the vegetable material cellulose.^ 

Nitro-cellulose, or, more correctly, cellulose nitrate, dis- 
solves, as we have seen, in a mixture of alcohol and ether, and 
when the viscous liquid so obtained is forced under pressure 
through fine capillary jets, and the solvents evaporated off by 
means of warm air, thin filaments are obtained which are then 
spun into thread and twisted into yarn. By treating the yarn 
with a solution of ammonium sulphide or sodium sulphide, the 
nitrate groups, to the presence of which the cellulose nitrate 
owes its inflammable and explosive properties, are removed, and 
there is again obtained what is practically cellulose. The 
twisted structure of the natural fibre, however, has given place to 
a smooth cylindrical filament which has all the superficial appear- 
ance and lustre of silk. 

It was not long before other and better methods of trans- 
forming cellulose into threads resembling silk were invented ; 
and the method by which most of the artificial silk, or rayon 

^ True silk belongs to a class of substances known as proteins, and contains 
nitrogen as well as carbon, hydrogen and oxygen. 
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as it is now 4J!;enorallY called, is made at the present day, was 
invented by the two Fmglish consulting chemists, Charles 
Frederick Cross and Edward John Bevan. According to this 
process, cellulose is converted into a thick syrup-like material 
known as visTose^ by successive treatment with caustic soda and 
carbon disulphide , and the syrup-like viscose, consisting 
essentially of a compound known as cellulose sodium xanthate, 
is forced through line jets into a bath containing sulphuric 
acid and other substances. Thereby, the viscose filament is 
coagulated and converted into lustrous, silk-like filaments of 
cellulose. 

When the viscose is kept for some days, it undergoes spon- 
taneous decomposition with production of a hard, horn-like 
material, known as cellophane Transparent and non-inflam 
nuible films can also be obtained by spreading viscose on glass 
at a temperature of about 60"" C. Thin sheets of cellophane are 
now ]nuch used for wrapping food and other materials, and also, 
by druggists, as caps for bottles. Placed in position while wet, 
it shrinks greatly on drying and so fits tightly to the bottle. 

Another kind of artificial silk is also produced under the 
names of celanese and lustron. This material does not consist 
merely of transformed cellulose, but is a compound (an ester) 
of cellulose and acetic acid , that is, cellulose acetate. A viscous 
solution of this compound in acetone is forced through jets, and 
the issuing filaments are coagulated by evaporation of the acetone 
by jneatis of warm air. 

The artificial ^silks just described must not be confused with 
the lustrous material known as mercerised cotton^ so called after 
fJoHN Merc’KR, an English calico printer, who, in 1844, found 
that whem cotton is acted on by a solution of caustic soda, the 
naturaJly fiat, twisted fibres swell to a cylindrical form and 
beconu^ shorter. E"orty-five years later, in 1889, H. A. Lowe 
discoveu-ed that when the cotton fibres are tightly stretched during 
their treatment with caustic soda solution, so that they cannot 
shrink, they exhibit, after washing and drying, a silky lustre, 
due to the reflexion of light from the smooth surface of the fibre. 

Celluloid.— In 1869, the brothers Hyatt, of Albany, N.Y., 
found that if camphor is added to a mixture of nitro-cotton and 
alcohol, a hard, horn-like material is obtained, which can readily 
be fashioned, while hot, into articles of various shapes and forms. 
To this material the name celluloid was given! Although 
naturally of a clear gelatin-like appearance, celluloid can easily 
be dyed, and can, by suitable 4:reatment, be made to imitate not 
only such materials as bone and ivory,, but also amber, tortoise- 
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shell, marble and agate. Light in ^vcight and not readily 
breakable, celluloid is used for the juanufacture of pJiofcographic 
hlms and for many small articles of common use. It is, however, 
a material the use of which is not altogether free from danger 
since the basis of celluloid is the highly inflammable cellulose 
nitrate. The acetate of cellulose, however, when mixed with 
camphor or suitable substitutes, yields a material, called cellon^ 
which resembles and is even superior to celluloid in its general 
properties, and is not inflammable. It is used for the manu- 
facture of non-inflammable cinematograph films, for making the 
bristles of hair-brushes, etc. In the form of a thick viscous 
solution it is employed as a flexible varnish for wood, paper and 
metal, for enamelling aeroplanes, etc. 

Imitation Leather and Lacquers. — If nitro-cellulose is 
mixed with a drying oil, such as linseed oil, and with colouring 
matters, and the mixture spread on fabric, a sort of oil-cloth ’’ 
is obtained ; and on passing this between suitably cut rollers, 
the material is grained and a very good imitation leather, e.g, 
rexine, is produced. 

At the present day, nitro-cellulose is also very extensively 
employed for the preparation of lacquers and enamels, which 
are much used for the finishing of motor-car bodies, etc. For 
the production of such lacquers, the nitro-cellulose is dissolved 
in a suitable solvent, and to the solution there are added a 
quantity of gum or resin, a plasticiser (in order to prevent the 
film from becoming brittle) and a pigment. Aftez’ application, 
the lacquer rapidly dries, and the film so obtained is characterised 
by its hardness, toughness and resistance to scratching and 
rubbing. 



CHAPTER XXVIII 

STEREOCHEMISTRY 


By the intro<kictioB of the doctrine of valency and of the Kekule- 
Couper diagrammatic method of representing molecular consti- 
tution, a satisfactory basis seemed to have been obtained for the 
future development of organic chemistry. And yet, it was not 
long before the insufficiency of this theory of chemical structure 
became only too apparent, owing to the discovery that, in some 
cases, the number of isomeric compounds is greater than can be 
represeixted by the structural formulae of Kekule. A new 
isoinerisjn was discovered, an isomerism which manifested itself 


in the property known as optical activity. 

E.arly last centiiry it was discovered that when a ray of light 
is passed through a crystal of Iceland spar, the ethereal vibrations, 
which propagate the light, and whiclx, ordinarily, take place in 
all directions at right angles to the path of the ray, are all brought 
into oru^ plane. The light is said to he polarised. When, now. 


this polarised light is passed through 
certaixx substances, quartz, turpentine, a 
solution of cane sugar, etc., it is found 
that the fdane of polarisation, the plane 
in which the ethereal vibrations take 
place, is rotated or twisted, this rotation 
or twisting taking place sometimes to the 
right, sometimes to the left ; an eifect 
which one can illustrate by twisting a 
strip of stout paper into a right-handed 
or left-handed spiral, such as is repre- 
sented in Fig. 82. Substances which 
possess this property of rotating the plane 
of polarised light, are said to be optically 



Fig. 82 . — Bight and left- 
handed spirals. 


active.’’’ 

Tins propeidy of optical activity can also be demonstrated 
by a modiflcatioxx of a very interesting experiment due to the 
English physicist, Sir George Gabriel Stokes (1819—1903). 
When a beam of light from a projection lantern (Fig. 83) is 
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reflected vertically downwards by means of a mirror, tiirougli a 
c(3lumn of water rendered slightly turbid by the addition of a few 
drops of an alcoholic solution of rosin, the path of the beam is 
rendered visible by the fine suspension of rosin particles (Tyndall 
j^henomenon, p. 402) ; and the beam of light appeal's equally 
bright all round. But if the light from the lantern is first 
polarised by passage through a prism of Iceland spar, and then 
I'eflected downwards through the column of water, the appearance 
obtained is that of a band which is light only on tzoo o])posed 
sides, and dark on the other two opposed sides. On rotating 
the prism of Iceland spar, the band also rotates and turns alter- 
nately its light and dark sides to the eye. The effect produced 
is as if the beam of light on passing through the prism of Iceland 



Fig. 83. — Demonstration of the x^olansation of light. 


Light from a lantern is iiolarised by passage through tho polarising jmsin 
and the beam of hght is then directed by the lens L on to a mirror M, by which 
the light is directed vertically downwards through water contained in the cylinder 
' C, and rendered turbid by a fine suspension of rosin. A vertical, polarised band 
of light is obtained If the cylinder C is replaced by D, which contains a concen- 
trated solution of cane sugar, the hand of light is twisted into the form of a spiral. 

spar were given a flat form, like a book, from the two opposite 
edges of which light is emitted, while the sides remain dark. 
Thus we have illustrated the phenomenon of polarisation of light. 
If, now, the cylinder of water is replaced by a cylinder containing 
a solution of cane sugar, the band of light is twisted into a spiral 
form, and on rotating the prism of Iceland-spar, this spiral band 
of light will appear to move with a screw-like motion. From the 
fact that the different rays of coloured light which together 
constitute white light, are twisted or rotated to different extents 
(the blue rays being rotated more than the red), the spiral band 
of light shows the colours of the rainbow. 

The study of this remarkable property of substances of 
rotating the plane of polarised light, a property which has 
occupied' the attention of many chemists down to the present 
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day, was inaugurated by tire brilliant discoveries of Pasteur 
in 1848. 

Louis Pasteur, son of a tanner who was also “ ancien militaire 
sous le Premier Empire, Chevalier de la Legion d’Honneur,” i 
was born at Dole, in the Jura, on 27th December, 1822. After 
receiving his early education at the College Communal at 


Louis Pasteur. 

Arbois, whither his father had removed, and after graduating 
at the University of Besan9on, Pasteur, in 1843, entered the 
lijcole Normale at Paris. Here he studied chemistry under 
Balard, the discoverer of bromine, apd also attended the lectures 
of Dumas at the Sorbonne. On the completion of his course at 
the flcolo Normale, Pasteur was retained as Balard’s assistant, 
and, his interest having been aroused in crystallography, he 

1 Prom Pasteur’s dedication to the memory of his father of his book, Mludes sur 

la Bikre. 
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commenced the investigations of the crystals of tartaric acid 
and the tartrates, which were to inaugurate a new chapter in 
organic chemistry and which will be discussed in the following 
pages. 

After serving for three months as Professor of Physics at the 
Lycee at Dijon, Pasteur, in 1848, became Deputy-Professor and, 
in 1852, Professor of Chemistry in the University of Strasbourg. 
In 1854, he was transferred to Lille and, in 1857, to the Nicole 
Normale at Paris. It was at Lille that Pasteur, forsaking his 
first more purely chemical investigations which, liowever, formed 
the basis of his future extraordinary achievements, took up the 
serious study of the processes of fermentation, and so began that 
long and impressive series of bio-chemical and bacteriological 
investigations which constitute one of the greatest monuments 
in the history of science and which, in their applications, have 
proved of inestimable benefit to industry and humanity. Not 
only was it by the work of Pasteur that the silk-worm disease, 
pebrim, was successfully combated and the silk cultivation of 
France, Spain and Italy saved from extinction, but it is to 
Pasteur that much of the present-day prosperity of the various 
fermentation industries is due. It is to Pasteur, also, that we 
owe our earliest knowledge of the bacterial origin of disease and 
the production of immunity by vaccines, which led- to the cul- 
minating glory of Pasteur’s life, the cure of rabies or hydropliobia. 
It is, moreover, on the foundations of Pasteur’s work that the* 
practice of antiseptic surgery was built up, whereby the havoc 
and torture of festering sores and gangrenous wounds were 
abolished from the surgical wards of our hospitals. No more 
glorious life of service to humanity, surely, has ever been achieved 
by any man of science. 

Pasteur died on 28th September, 1895, and his body rests in 
the crypt of the Institut Pasteur, which was erected in 1888 
as a tribute to his genius and in gratitude for the services which 
he had rendered to mankind. 

When Pasteur commenced the investigations which were to 
initiate a revolution in the current ideas regarding the molecular 
structure of organic compounds, two isomeric acids were known 
ha-wng the same composition, namely, tartaric acid and paratar- 
taric acid. The structure of these two acids is the same and is 
represented by the formula 

CH(OH).COOH 

I 

CH(OH).COOH 
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Tlie roruior acid, wliicli is found occurring in grape juice, is 
optically activ^e ; the latter is inactive. On examining the 
crystals of these two acids, and of a number of their salts, 
Pasteur found that whereas the crystalline faces of the inactive 
parafartaric acid and its salts were all fully developed, and the 
crystals symmetrica! (Fig. 84), in the case of the active tartaric 
acid, the full development of the crystalline faces was interrupted 
by the occurrence of so-called hemihedral faces (Fig. 85). The 
occurrence of these hemihedral faces was regarded by Pasteur 
as the outward and visible manifestation of the property of 
optical activity, iu accordance with a view wliich had been 
suggested iu 1820 by Sir John F. W. Herschel (1792-1871) in the 
case of crystalline quartz, which is also optically active. But 
whereas (Quartz is optically active only in the crystalline state, 
tartaric acid retains the property even when dissolved. In the 



Pia. 84,— Holokoclral crystal of 
I)aratariaric acid. 



Pia. 85. — Crystal showing hemi- 
hedral faces, a and b. 


former case, the property depends on the crystalline structure ; 
in the latter, it depends on the internal molecular structure. 

A further discovery was made by Pasteur. During Ms 
investigation of one of the salts of tartaric and paratartaric 
acid (namely, sodium ammonium tartrate and sodium ammonium 
paratartrate), Pasteur found, as was to be expected, that the 
crystals of the tartrate resembled those of the other tartrates 
he had examined, in possessing hemihedral faces arranged in a 
similar manner. The crystals obtained from the solution of the 
paratartrate, however, instead of being holohedral, with the 
crystalline faces fully developed, were found also to have hemi- 
hedral faces ; but these hemihedral faces, instead of, as in the 
tartrates, ' all being turned the same way, were inclined, some- 
times to the right and sometimes to the left (Fig. 86). TMs result 
was quite unexpected ; and Pasteur, on carefully separating the 
two sets of crystals and examining their solutions, discovered, 
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with no less surprise than pleasure, that one set of crystals 
rotated the plane of polarised light to the right, while the other 
set rotated the plane by an equal amount to the left. On dis- 
solving together equal amounts of the two sets of crystals, a 
solution was obtained which was quite inactive. 

Here, then, we have the discovery of that new kind of 
isomerism to which reference has just been made, and which 
showed the insufficiency of the structural formulae of Kekulc, 
The two salts into which the paratartrate had been separated 
by crystallisation were identical in all their chemical and physical 
properties, save onl}^ in the disposition, to the right or to the left, 
of the small hemihedral faces occurring on their crystals, and in 
the property of rotating the plane of polarised light to an equal 
extent but in opposite directions. From these two salts, Tasteur 
obtained two different tartaric acids : one having the power of 




Fig. 86. — Eiiantiomorphic crystals of optically active tartrates. 

rotating the plane of polarised light to the right and identical 
with the acid occurring in grape juice, the other hithei'to un- 
known, and having the power of rotating the plane of polarised 
light to the left. Moreover, on mixing together in solution equal 
quantities of these two optically active acids, there separate 
from the solution crystals of the inactive paratai'taric acid, 
which is thus shown to be a compound of the two active acids in 
equal proportion. 

The discovei'y of the two optically active tartaric acids was a 
momentous one, effecting a revolution in the views of chemists 
regarding molecular structure ; and we can well understand 
the feeling of happiness and the nervous excitement by which 
Pasteur ^yas overcome on making the discovery. Rushing from his 
laboratory and meeting the lecture-assistant (jpi'eparateur) in 
physics, he embraced him, exclaiming ; I have just made a great 
discovery ! I have separated the sodium ammonium paratarti^ate 
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into two salts of opposite action on the plane of polarisation of 
light. The dextro-salt is in all respects identical with the dextro- 
tartrate. I am so happy and overcome by such nervous excite- 
ment that I am unable to place my eye again to the polarisation 
appai'atus.’’’ The question, however, now arose as to how the 
existence of the two optically active tartaric acids could be 
explained. 

All material things belong to one or other of two classes, 
according as the image of the obj ect which is formed in a mirror, 
is such that it can or cannot be superposed on the object. In 
the case of a cube, for example, the image formed in a mirror is 
identical with the object, and we can imagine the image super- 
posed on the original cube. A cube is a symmetrical object. 
But if a right hand is held in front of a mirror, the image which 
is obtained represents a left hand, and this cannot be superposed 
on the right hand ; a right K&nd will not fit into a left-hand glove. 
In the case of a hand, therefore, we have an asymmetrical object, 
which can exist in two distinct, so-called eyiayitiomorpMc forms, 
similar in all respects, but not superposable, not identical. And 
when we examine the crystals of the two optically active tartaric 
acids (or of their salts), it is seen that they also are related to 
each other as the right hand is to the left hand ; each represents 
the non-superposable mirror image of the other (Fig. 86), and 
the tv\^o crystals, although in all points similar, are not identical. 
If, however, the crystalline form is to be regarded, as Pasteur 
regarded it, as a visible manifestation of the internal structure, 
we are led to the conclusion that the molecular structures of the 
two active tartaric acids are asymmetric and enantiomorphously 
related to each other as object to non-superposable mirror image. 

Although Pasteur did not develop his views into a theory of 
chemical structure, he introduced into chemistry a conception 
of extraordinary importance and fruitfulness, the conception of 
molecular as^ymmetry^ and he recognised that molecular structure 
as not a matter of two dimensions only, but of three. The 
atoms are not arranged in a plane, as the formulae of Kekule 
represent them, but in three-dimensional space. In this way 
Pasteur inaugurated a new chemistry, a "" Chemistry in Space 
or Stereo-Chemistry.” 

The conception of molecular asymmetry and the idea of the 
grouping of the atoms at the corners of a tetrahedron were 
developed independently, in 1874, into a consistent theory of 
molecular structure, embracing the optically active isomeric 
compounds, by the Dutch chemist, van*^t Hoff, and the French 
chemist, Joseph Achille le Bel. 
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If we imagine a carbon atom at tlie centre of a tetrahedron, 
and if the four atoms or groups, with which, as we have seen, a 
carbon atom can be united, are situated at the four corners of 
the tetrahedron, it will be found that so long as two, at least, of 
the atoms or groups are the same, the molecule, represented as a 
tetrahedron, will be symmetrical and its mirror image will be 
superposable on and therefore identical with the original. This 
will be clear from an inspection of Fig. 87, which represents 



Pig. 87. — Symmetrical tetrahedron and its mirror image. 

such a tetrahedron and its mirror image. The right-hand 
tetrahedron, obviously, only requires to be turned through an 
angle of rather more than 90°, on the corner, B, as a pivot, to 
become identical in disposition with the left-hand tetrahedron. 

If, however, the four atoms or groups attached to the carbon 
atom are all different, the molecule, as represented by the tetra- 
hedron, becomes asymmetric, and gives a mirror images which is 


A A 



Fig. 88. — Asymmetric tetrahedron and its mirror image. 

no longer superposable on the original. Two isomeric forms are 
therefore possible. This will be understood from Pig. 88. 
Viewing these tetrahedra from a similar position, we see that the 
^oups BCD., in the one case, are arranged from left to right ; 
in the other case, from right to left. If one of these represents 
a molecule which rotates the plane of polarised light to the right, 
the other will represent a molecule which rotates the plane of 
polarised light to the left. 
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The views of vanT Hoff and Te Bel have received the amplest 
confirmation. Not only has it been found that all compounds 
which are optically active do contain at least one atom of carbon 
to which four different atoms or groups are attached — a so-called 
asymfm,etriG carhon atom — but also, no compound has been 
obtained the possible existence of which could not be predicted 
by means of the vanT Hoff and Le Bel theory.! So fruitful has 
the conception of moleciilar asymmetry and of the asymmetric 
carboxi atom proved, that it has been extended also fo the atoms 
of other elements than carbon, of which optically active isomers 
have been prepared. 

We have already seen that in the case of tartaric acid — and 
the same holds in all other cases of optically active substances — 
there exist, oi' can exist, not only the two optically active isomers, 
but also an inactive isomer, produced by the combination of the 
two oppositely active forms in equal amounts, and separable 
again, by suitable means, into the active forms. This inactive 
form is known as the racemic form. Besides the three isomeric 
forms just referred to, there exist, in the case of compounds which 
contain more than one asymmetric carbon atom, other isomers 
which are optically inactive but which cannot be resolved into 
the optically active forms. 

^ Optical activity is also found even when no asymmetric oarhon atom is 
present, provided the structure of the molecule as a whole is asymmetric. 



CHAPTER XXIX 

THE AROMATIC COMPOUNDS 

The aromatic compounds, so-called because most of tbe naturally- 
occurring members of tins group form the aromatic or fragrant 
constituents of essential oils, spices and balsams, constitute by 
far the largest group of organic compounds ; and just as the 
aliphatic compounds may be regarded as derived from methane, 
so the aromatic compounds may be regarded as derived from 
the hydrocarbon benzene. Although this substance was dis- 
covered by Faraday as early as 1825, it was not till 1865, as we 
have seen, that its constitutio7i was unravelled by Kekidc ; and 
not until the constitution of benzene was known was it possible 
to develop effectively the chemistry of the aromatic compouxids. 

The main source of benzene and of many of its most impoi'tant 
derivatives is the thick, oily, dark-coloured coal-tar which is 
obtained, as has already been pointed out (p. 197), when 
bituminous coal is distilled in closed retorts - at a temperature of 
1000^-1200° C. 

Coal-tar is an exceedingly complex mixture of over two 
hundred different compounds, some of which, however, are 
present only in very small amount. The separation and isolation 
of all these different substances is not attempted, but by sub- 
jecting the crude coal-tar to a process of distillation, various 
fractions ’’ are obtained. First of all, while the temperature 
of the still gradually rises to 170° C., there distils over what is 
known as light oil.*^’ This is followed, between the temperatures 
of 170° and 250°, by the carbolic oils,’’"' and between 230° and 
270°, by the creosote oils.^’ Lastly, between 270° and 400°, 
there pass over the anthracene oils,’*’ and a residue of pitch, a 
valuable material used in road-making, is left in the still. 

The crude coal-tar having in this way been separated into a 
number of different portions, each of these portions is then 
subjected to suitable chemical treatment and to repeated dis- 
tillation in order to effect a more complete separation into the 
different constituents. Thus the light oil is separated into 
crude benzole — consisting of a mixture of the hydrocarbons, 
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benzene, toluene and xylene — solvent naphtha ’’ and burning 
naphtha,’’^ consisting of xylene and other higher hydrocarbons. 
To obtain pure benzene and toluene, such as are required in the 
manufacture of dyes, drugs, explosives, etc., the crude benzole 
is “ rectified ’’’ by distillation in a special still. 

The portion of the tar distillate known as carbolic oils 
or middle oils is likewise separated by chemical and physical 
treatment into its chief constituents. As the distillate cools 
down, there crystallises out from it the hydrocarbon known as 
naphthalene ; and the residual oil, known as crude carbolic 
oil — consisting especially of carbolic acid or “ phenol ’’ and 
of three isomeric compounds known as cresols — ^is used for the 
manufacture of disinfectants. 

Although the amounts of the different compounds obtained 
vary with the nature of the tar and the treatment to which it is 
subjected, the quantities of the more important constituents 
yielded by one ton of tar are approximately as follows : 


Benzene and toluene 25 lbs. 

Phenol 11 „ 

Cresols 50 „ 

Naphthalene 180 ,, 

Anthracene 6 ,, 


Homology and Isomerism. — ^In the case of the aromatic as in 
the case of the aliphatic group, the compounds can be arranged 
in various homologous series, which can be regarded as derived 
from the parent hydrocarbon benzene. Thus, by replacing one 
of the hydrogen atoms of the benzene molecule by the group 
CH3., C2H5., C3H7., etc., a homologous series of hydrocarbons 
can be built up— CeHg.CHg, CeHg.CaHg, CeHg.CgH,, etc.— 
the structure of which would be represented by the formulae. 


C.CHg 

C.CHg.CH 

3 C.CH2.CH2. 

,CH3 C.CH(CH3)2 





HC CH 

HC CH 

HC CH 

HC CH 

1 II 

1 II 

1 II 

1 II 

HC CH 

HC CH 

HC CH 

HC CH 





CH 

CH 

CH 

CH 

Toluene. 

Ethyl benzene. 

Propyl benzene. 

/5o-propyl benzene. 


These hydrocarbons will, of course, exhibit the same sort of 
isomerism as is found in the hydrocarbons of the methane series. 
But a further possibility of isomerism exists in the case of the 
benzene series, owing to the fact that more than one of the benzene 
hydrogen atoms may be replaced by hydrocarbon radicals, and 
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the properties of the compounds obtained will depend on the 
relative position of the substituting groups in the benzene ring. 
Thus, if two hydrogen atoms of the benzene ring or “ nucleus,” 
as it is also called, are replaced by CHg-groups, three isomeric 
hydrocarbons are obtained, represented by the formulas, 


C.CHj 

PIC C.CH 3 

I II 

HC CH 




CH 


C.CHg 

HC CH 


I II 

HC C.CH 3 


CH 


C.CPI 3 
HC CPI 

I II 

HC CH 
C.CH 3 


and called respectively, orif/io-xylene, meto-xylene and para- 
xylene, the terms ortho, meta and para indicating the relative 
positions of the two methyl radicals. This type of isomerism is 
of very great importance in the case of the aromatic compounds. 

It will, of course, be noticed that the three xylenes are also 
isomeric ■with ethyl benzene, CgHg.CH 2 .CPI 3 . 

Giving to the existence of position isomei'ism in the benzene 
ring, it will be readily understood that in the case of the homo- 
logous series of aromatic compounds, the possibilities of iso- 
merism are very much greater than in the case of the aliphatic 
compounds. 

Benzene and its Homologues. — In 1815, there was intro- 
duced by the Portable Gas Co., London, an illuniinating gas, 
obtained by the decomposition by heat of fish oils, and this gas 
was supplied to the consumers in cylinders into which it had been 
pumped under a pressure of thirty atmospheres. Under this 
pressure, a portion of the gas condensed to a liquid, and from 
this liquid FAa 4 DAy, in 1825, isolated a compound, the com- 
position of which he found to be represented by the empirical 
formula CH, and which he called bi-carburet of hydrogen. Some 
nine years later, however, the compound was rechristened by 
Liebig, who gave to it the name benzol — a name which it still 
bears in Germany.^ This name, formed by a contraction of 
benzoin c eum, was suggested by the fact that, as had just been 
discovert 3, the hydrocarbon can be obtained by heating benzoic 
acid, Cg -Ig.COOH, with lime. Benzoic acid, in turn, was 
obtained by the dry distillation of the fragrant resin, known from 
a very e .rly time and called by the Arabs, luban jdwt, or the 


^ In. Ej gland, the term henzol or benzole is applied to various commercial 
mixtures ot benzene hydrocarbons. 
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frankincense of Java.i- By a succession of corruptions, this 
name passed into English as Benjamm and befizom^ the resin 
being now called gum benzoin. For the sake of uniformity in the 
nomenclature of hydrocarbons, the name benzol was later 
changed to benzene. That benzene is present as a constituent 
of coal-tar was discovered in 1845 by August Wilhelm von 
Hofmann (1818-1892), at that time Professor in the Royal 
College of Chemistry, London. 

Benzene is a colourless volatile liquid which yields a readily 
inflammable vapour. Owing to the fact that the compound 
contains a high proportion of carbon, benzene vapour burns 
with a luminous and smoky flame. Mixed with alcohol or with 
gasoline (petrol), it is largely used as a fuel for automobile 
engines, especially on account of its valuable anti-knock ” 
properties. 

Toluene^' C( 3 H 5 .CPl 3 , a hydrocarbon similar in properties to 
benzene, is valuable mainly as a raw material for the synthesis 
of a number of important compounds. By the action on it of 
a mixture of nitric and sulphuric acids, there is obtained the 
explosive compound trinitrotoluene (T.N.T.). 

By the action of a mixture of nitric and sulphuric acids on 
benzene, there is obtained nitrobenzene (C 6 H 5 .N 02 )j a substance 
used under the name of essence of mirbane as a substitute for oil 
of bitter almonds. When this compound is shaken with iron 
filings in presence of dilute hydrochloric acid, the hydrogen 
formed by the action of the iron on the acid reduces the nitro- 
benzene to aniline^ C< 3 pl 0 .NH 2 , a liquid which boils at 183^ C. 
This compound, one of the most important members of the 
aromatic group and one which has played a part of great im- 
portance in the history of synthetic dyes and drugs, owes its 
name to the fact that it was first obtained by the distillation of 
indigo— the word aniline being derived from an old name 

for indigo. 

Phenols. — The term ffAenol is applied to those derivatives of 
benzene in which one or more of the hydrogen atoms attached to 
the benzene ring have been replaced by the hydroxyl group. 
The name is applied more specifically to the first known and most 
impoi'tant member of the group, carbolic acid^^ CQH 5 .OH, first 
discovered in coal-tar. 

Pure phenol is a white crystalline solid which melts at 42° C. 
It dissolves to some extent in water and the solution is used as 

^ The resin was really obtained from Sumatra. 

2 Derived from the ^abic al-nil or an-nil, the blue substance. 

® From carbo, coal, and oleum, oil. 
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a disinfectant and antiseptic. For this purpose, however, it is 
now largely displaced by its homologues, the cresols, which occur 
in coal-tar in three isomeric forms, represented by the formulas. 


C.CH, C.CHo C.CHg 

HC C.OH HC CH PIC CPI 


1 il 

HC CH 
CH 


I II I II 

HC C.OH HC CPI 

CPI C.OPI 


o?'^7io-cresoL 


meta-cresol. 


para-cvesol. 


These compounds not only have a greater germicidal action but 
they are also less poisonous than phenol, and are now widely 
used as disinfectants. Lysol^ for example, consists essentially 
of a mixture of cresols with a potash soap and a small amount 
of glycerin. The soap, as we have seen (p. 235 ), enables the 
cresols to mix homogeneously with water at the ordinary tempera- 
ture. The cresols, also, form the essential constituent of Jeyes’' 
Fluids Cresolin^ and other disinfectants. 

On being nitrated, phenol yields, as we have seen, the impor- 
tant explosive picric acid^ CeH2(OH)(N02)3. 

Naphthalene and Anthracene. — Naphthalene, as has been 
pointed out, separates out from the middle oil fraction of 
coal-tar, and, when purified, forms a white crystalline solid with 
a characteristic smell. Apart from its important uses in chemical 
industry, naphthalene is employed mainly as a disinfectant and 
as a preservative of furs, etc., against the attack of moths and 
other insects. 

Naphthalene is a hydrocarbon having the composition C10H3, 
its structure being represented by the formula, 

CH CH 

HC C CH 

I II I 

HC C CH 

CH CH 


Naphthalene is the starting material in the synthesis of the 
dye-stuff, indigotin. 

Anthracene, C14H10, occurs in only comparajtively small 
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amount in coal-tar. Its molecular structure is that of three 
benzene rings j oined together as shown by the formula, 

CH CH CH 

HC C C CH 

I I ({ I 

HC C C CH 

CH CH CH 

When anthracene is oxidised it passes into anthraquinone^ 


CH CO CH 



I If II I 

HC C C CH 
CH CO CH 

This is the parent substance of alizarin and of many other 
important dyes. 

While the importance of the aliphatic compounds — ^the fats, 
carbohydrates, proteins, etc. — lies largely in their occurrence as 
natural products of inestimable biochemical significance, the 
aromatic compounds, which are, for the most part, products of 
the laboratory, command our admiration and claim our interest 
mainly as triumphs of the human intellect, and as materials of 
great industrial value. From about half a dozen of the com- 
pounds isolated from coal-tar, chemists have succeeded in 
building up or synthesising a vast array of compounds — dyes, 
drugs, photographic chemicals, perfumes, etc. — the production 
of which has not only given rise to industries of great national 
importance, but has profoundly influenced the development and 
progress of civilisation. 
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SCALES OF TEMPERATURE— CENTIGRADE AND 
FAHRENHEIT 


On tL.e Fahrenheit scale of temperature, the melting-point of ice is 
•marked 32°, and the boiling-point of water, nnder normal atmospheric 
pressure, 212° On the Centigrade scale, these two fixed points are 
marked 0° and 100° respectively. Consequently, 180 (or, 212 — 32) 
degrees on the Fahrenheit scale correspond to 100 degrees on the Centi- 
grade scale , or, 9 Fahrenheit degrees are equal to 5 Centigrade degrees. 
In order, therefore, to convert temperatures on the Fahrenheit scale 
to temperatures on the Centigrade scale, or vice versa, one can make 
use of the expressions 


Q F 32) x5 


and 


C X9 
5 


— j-*32 


On the Absolute scale, the zero of temperature lies at — 273° 0. 
Consequently, t° A.=t° C.+273°, 
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THE METRIC SYSTEM 

Length. 

1 metre is equal to 39-37 inches. The metre is subdivided decimally 
into 10 decimetres, or 100 centimetres (cm.), or 1000 millimetres (mm.), 
1 kilometre (km.) =1000 metres=0-6214: mile. 

1 centimetre =0-3937 inch, and 1 decimetre is very nearly equal to 
4 inches. 

2-54 centimetres =1 inch. 

Volume. 

1 litre (lit.) =1000 cubic centimetres (c.c.) =0*0353 cubic feet. 
1 cubic foot=28*32 litre. 

1 cubic centimetre=0*0610 cubic inch. 1 cubic inch=16*39 cubic 
centimetres. 

1 litre=l*7598 pints (British) =2*1134 pints (U.S.A.). 

1 gallon (British) =4*5460 htres. 

1 gallon (U.S. A.) =3*7853 litres. 

Weight. 

The standard of weight is the kilogram. The thousandth part of 
this is called a gram, and the gram is subdivided into 10 decigrams 
=100 centigrams=1000 milligrams. 

1 cubic centimetre of water at 4° C. weighs 1 gram. 

1 gram=15'43 grains, 

1 kilogram=2-205 lbs. (Avoir.). 

1000 kilograms=2205 lbs.=l metric ton. 

1 oz. avoir. =28*35 grams. 

100 grams =3*63 ozs. 
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— preparation of, 220 

— properties of, 222 
sulphide, 340 

— sulphuretted, 340 
Hydrogenation of oils, 436 
Hydrolysis, 424, 432 
Hydrone, 221 
Hyoscyamus, 18 
Hypothesis, 9 
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Japp, E. H., 418 
Jeyes’ fluid, 235, 456 
Johnson, Dr,, 39 
Jonson, Ben, 27 

Kamite, 352 
Kaolin, 15, 385 
Kaolmite, 385 
Keats, 167 

Kekule, Friedrich August, 416, 418, 452 

Kelvin, Lord, 85 

Kermes, 17 

Kerosene, 205 

Ketones, 428 

Kieselguhr, 378 

Kipp’s apparatus, 221 
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Liquefaction of gases, 120 
Liqmd, supercooled, 125 
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Oxy-acetylene flame, 219 
Oxygen, 144, 147, 148, 150, 151, 369 

— electrolytic production of, 278 

— from liquid air, 146 

— preparation of, 152 

— properties of, 152, 153 
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